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Foreword 


This book is designed as an introduction to chemistry for anyone who wants to 
acquire a sound, basic knowledge of the subject. Whether you are tackling it for 
the first time, or are using the book for revision, you will find the detailed, self- 
teaching presentation of the material of the greatest help in following and 
understanding every stage of the course. 

The book covers most of the topics included in GCSE and BTEC First 
courses in chemistry and is therefore of especial value to students taking these 
courses. The text is divided into Units of study, each defined in its own area, 
with self-testing questions at the end of the Unit. At the back of the book 
(page 351) there is a comprehensive selection of questions taken from recent 
papers of British examining boards. 

For many years the main emphasis in the teaching of chemistry has increasingly 
been on the ‘discovery’ approach: students are encouraged to follow their 
natural spirit of inquiry and carry out experiments for themselves. This has 
culminated in the excellent work of the Nuffield Foundation, which is reflected in 
large areas of present-day teaching and in examination syllabuses. However, the 
aim of Success in Chemistry is to enable a student working alone to achieve a 
certain standard of knowledge and we realize it is unlikely that such a student 
will have a well-equipped laboratory at his disposal. The experiments in this book 
are, therefore, confined to those that are most practicable and can be safely carried 
out at home. The more complex experiments, of which the results are vital to the 
student's understanding of a topic, are described in full and illustrated so that all 
processes can be followed in detail. 

We live in a world of changing scientific nomenclature, but the tendency is 
always towards international systematization. Throughout the text we have 
adopted the recommendations of the Association for Science Education, based on 
those agreed by the International Union of Pure and Applied Chemistry. These 
recommendations are followed after their introduction in Unit Three but 
references to the traditional style of nomenclature have also been given where 
appropriate. 
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Introduction 


Chemistry is a study of the properties of the materials of the world around us. 
Chemists look at and try to interpret changes in materials, from the simple 
burning of methane (natural gas) to the complex reactions taking place in the 
human body. At the same time they are also interested in energy changes 
which occur in chemical processes (many reactions in chemistry are carried 
out purely for the energy they yield). 

Another important aspect is the elucidation of the structure of materials 
and the identification of their constituents. Thus chemists are analysts, em- 
ploying both simple and complex techniques to determine the composition of 
every kind of substance. Applying their knowledge of existing structures, 
chemists are concerned with the discovery and development of new materials: 
drugs, dyestuffs, detergents, synthetic fibres and plastics are familiar 
examples. 

Look around and you will see that almost everything is either connected 
with the chemical industry or has been treated with the products of that 
industry, e.g. the paper and ink used for printing this book, the glass in 
windows, the cement and paintwork of buildings, and the crops in the fields. 


Nomenclature Used in this Book 
In general the recommendations set out in the report Chemical Nomenclature, 
Symbols and Terminology for Use in School Science (The Association for 
Science Education, 3rd edition, 1985) have been adopted. Where the re- 
commended name for a substance is fundamentally different from the common 
name, the latter is given in parentheses after the recommended name. For 
example: 

(a) dilead(11) lead(1v) oxide (red lead); 

(b) ethanoic acid (acetic acid); 

(c) sodium chlorate(1) (sodium hypochlorite). 

The concept of oxidation number required for this nomenclature is ex- 
plained in Section 3.4. 


Units in Chemistry 

For their GCSE examination syllabuses most examining boards now re- 
commend the use of SI units (Systéme International d'Unités), subject to cer- 
tain qualifications. The recommendations set out in the report S7 Units, Signs, 
Symbols and Abbreviations for use in School Science (The Association for 
Science Education, 1981) have been substantially adopted as far as they apply 
to these syllabuses. These are summarized below. 
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Quantity Unit Abbreviation 
Length metre m 
centimetre cm 
kilometre km 
Mass kilogram kg 
gram g 
Amount of substance mole mol 
Time second s 
Area square metre m? 
Square centimetre cm? 
Volume cubic metre m? 
cubic decimetre dm? 
Cubic centimetre cm? 
Density kilogram per cubic kg m? 
metre 
gram per cubic gcm^? 
centimetre 
Electric current ampere A 
Charge coulomb c 
Electromotive force volt V 
Resistance ohm Q 
Force newton N 
Work 
Energy 
Potential energy joule J 
Kinetic energy 
Temperature: 
comm 
e degree Celsius °C 
thermodynamic kelvin 
(absolute) K 
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Quantity Unit Abbreviation 
Pure newton per square Nm ~? (Pa) 
metre (pascal) 
P à 
Avogadro constant number per mole mol -' 
Faraday constant coulomb per mole C mol^! 
Writing of Abbreviations 


(a) when two or more unit symbols are combined to indicate a derived unit, a 
space is left between them, e.g. Js; 

(b) when unit symbols are combined as a quotient (the unit resulting from the 
division of one unit by another), e.g. kilogram per cubic metre, they are 
written kg m ^; 

(c) a full stop is not written after symbols for units (except when they are at the 
end of a sentence). 


Relationship between Units 
The following relationships may be of use in helping to understand the metric 
system: 


Multiple Prefix Symbol 
10? or 1000000 000 giga- G | 
10°or — 1000000 mega- M 
10? or 1000 kilo- k 
10 or 0:1 deci- d 
10-? or 0-01 centi- c 
10? or 0:001 milli- m 
10-$ or 0-000 001 micro- H 
107? or 0-000 000 001 nano- n 
107+? or 0-000 000 000 001 pico- p 
N.B. Im = 100cm 
1 m? = 100x 100 cm? = 10000 cm? 
1 m? = 100x 100 x 100 cm? = 1000000 cm? 


Although the basic SI unit of volume is the cubic metre (m?), gas and liquid 
volumes are more conveniently measured by the cubic centimetre (cm?) and the 
cubic decimetre (dm?). Note that, since 1 dm = 10cm, 1 dm? = (10 cm)? = 
1000 cm?. 


<i ees 
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Unit One 
The Nature of Matter 


MATTER 


PURE SUBSTANCES 


MIXTURES 


Elements Compounds 


Filtration 
Distillation Particulate nature 
Sublimation Matter in motion 
Evaporation Electrical nature 
Chromatography Atomic structure 


1.1 What is Matter? 


Matter is anything that occupies space and possesses weight. The amount of 
matter contained in any object is known as its mass. 

Matter is ‘concrete’ in that it can be seen, tasted, smelled, or felt. Even colour- 
less, odourless gases have weight. 

The matter we encounter every day is almost always a complex mixture of 
various substances. The air we breathe is a mixture of more than five gases; 
petrol is a mixture of several substances; all living things are extremely compli- 
cated mixtures of almost countless numbers of different substances. 

A substance can be defined as a material all parts of which are chemically 
identical and all samples of which have the same composition. 

Common examples of pure substances used in everyday life are distilled water 
for car batteries, copper used in electrical wiring, and washing soda crystals. All 
samples of any one of these—however they may have been prepared—are 
identical. 
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1.2 Changes of State 


Energy in its various forms, e.g. mechanical (kinetic and potential), heat (thermal), 
atomic, electrical, magnetic and chemical, contrasts with matter in that it is 


All substances exist in three different physical states: Solid, liquid and gas. 

A solid has a definite shape and distinct boundaries. 

A liquid has a definite volume and takes up the shape of its container. 

A gas takes up the shape and the volume of its container. 

At normal temperatures copper is generally regarded as being a solid, 


moment is governed by the energy it contains. If we alter this energy, by heating or 
by cooling, we can change the state of the substance. 

A familiar change of state is that which occurs when a solid (e.g. the wax ina 
candle) melts and becomes a liquid. Other examples are vaporization, the change 
from liquid to gas; freezing, the change from liquid to solid; and condensation, 


Experiment 1.1 Determination of a melting point 
A sample of 1,4-dichlorobenzene is placed in an ignition tube or small test tube. 


f the freezin int of 1,4-dichloro- 

benzene. k T Á x Ig point of 1, 

ii sema mada i oint should be identical: if they differ, 
may have cooled below its freezing point Without any crystals forming. 

be avoided by effective stirring. 

Boiling Point 


If a pure liquid i i : 
the Sin ois Ni its temperature Tises. Eventually à point is reached where 
produces no further rise in temperature, because all the energy 
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Stirrer 


Melting-point tube 
1,4 -dichloro — 
benzene 


Water in 
Foiling tube 


=> 
Heat 


Fig. 1.1 Apparatus used for the determination of melting points 


supplied in heating is used to change the liquid to vapour. This temperature is 
called the boiling point of the liquid. 

Evaporation is a process similar to boiling, but it occurs at any temperature 
(below the boiling point) and takes place only from the surface of the liquid. 
After a shower of rain, pools of water on the road disappear owing to evaporation. 
The process is accelerated by wind and higher temperatures. 

The three states of matter and the various processes by which they are related 


Addition of heat > 


Melting 


Voporization 


Freezing Condensation 


Sublimation 


[L Removal of heat 


Fig. 1.2 The three physical states of matter 
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are shown in Fig. 1.2. Sublimation is the direct change of state from a solid 
a gas, or from a gas to a solid, without first becoming a liquid. 


1.3 Mixtures and Pure Substances 


The terms ‘pure substance’ and ‘mixture’ need to be explained in a little 
detail. 


when two or more elements combine together. For example, sodium (a soft, 
shiny, very reactive metal) and chlorine (a greenish, choking, poisonous gas) 
are both elements; they combine together to form white crystals of the chemical 
compound called sodium chloride, which we use in everyday life as common 
salt. 


solubility) of the components of the mixture. The following examples illustrate 
the use of some o 


1.4 Filtration 


We expect our car to perform satisfactorily under all conditions, and we take it 
for granted that the water we dri 


ing water by a process called filtration. This is a method of separating a solid 
froma liquid (or a 


filter consists of à porous material 
which 


liquid. 
b. ock salt obtained commercially contains common salt (sodium chloride) 
M Ma with sand and other earthy impurities. On stirring rock salt with 


in hich it i issol is 
Wi IS e solvent. 
t is d sd hy: Called th The solute and solvent 


re ae L2 Separation of salt and sand 


Filter poper. 


Fig. 1.3 Filtration in the laboratory, using a funnel and filter paper 


Industrial applications of filtration processes are wide-ranging and important. 
They include not only the separation of liquid/solid mixtures, but also the 
removal of solids from gas samples. 

(a) Domestic water supplies are filtered through a layer of sand and gravel in a 
filter bed (Fig. 1.4) before final purification. 


Channel for dischorge of filtered woter 


Fig.1.4 Filtration of drinking water 


(b) In the Solvay process (described in Section 14.5) for the manufacture of 
sodium carbonate, the precipitated sodium hydrogencarbonate is filtered by 
suction through flannel stretched on a slowly rotating cylindrical frame. 
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(c) A vacuum cleaner filters dust from the air. The dust particles are 
in a fabric or paper bag, while the purified air passes through. 

(d) In a car engine, the air is filtered through an oil-impregnated pad. 
particles in the engine oil, which would cause excessive 
by a separate oil filter. 


(e) In many industrial processes which require extremely pure, clean 


dust is removed using electrostatic precipitators (Fig. 1.5). The dust 


become electrically charged and are attracted on to wires of opposite 


Periodically the current is switched off to permit the dust, now in lumps, to f 
to the bottom of the chamber, 


engine wear, are rem: 


e o 


Insulators 


-*—— Dust-laden 


gases in 
Charged wires 
Insulators 
Dustfree ~— 
gases out 
Dust collects 


Dust removed 


Fig. 1.5 Electrostatic precipitation of dust 


1.5 Distillation 


Distillation can be ; ; : 
fairly readily) E. to separate a volatile substance (i.e. one which evaporates 


distillation because the E Es example, impure water can be purified by 
are non-volatile, The ; rdinary impurities in water are dissolved solids which 
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collected and cooled. As it cools, the vapour condenses into pure distilled 
water. The non-volatile solid impurities remain behind 


Distillation 
fiask ~ 


Cold water in 4 


Distilled water eS 


Fig. 1.6 Laboratory apparatus for distillation 


Fractional Distillation 

Fractional distillation is similar to the simple distillation described above, except 
that a fractionating column is fitted between the distilling flask and the condenser. 
This process is used to separate two or more volatile liquids which have different 
boiling points. The fractionating column is a tube with an irregular interior, e.g. a 
glass column packed with glass beads, which exposes a large cooling surface to 
ascending vapours. Some condensation occurs as the vapours cool. 

On heating a mixture of, for example, benzene (boiling point 80 °C) and 
methylbenzene (toluene, boiling point 110 °C), the liquid mixture boils and its 
vapour rises into the fractionating column. This vapour mixture contains a 
higher proportion of the more-volatile benzene than methylbenzene. Both 
vapours begin to condense in the fractionating column, the methylbenzene 
more easily than the benzene. Thus the higher the vapour mixture rises in the 
column, the richer it becomes in benzene. Finally, at the top of the column, 
pure benzene can be collected. 


Industrial Applications of Distillation 

(a) Crude oil as obtained from the ground is not suitable for use. It is a mixture 
of many liquids which must be separated by several processes, the more important 
of which is fractional distillation (see Unit 11). 

(b) On being cooled to a very low temperature, air can be liquefied. This 
liquid is a mixture containing mainly nitrogen and oxygen. Liquid nitrogen has 
a lower boiling point (and is therefore more volatile) than liquid oxygen. On 
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Fractionating column 
packed with glass beads Water in 


Benzene EE 


Mixture of benzene and methylbenzene (toluene) 


Fig. 1.7 Separation of a benzene/methylbenzene (toluene) mixture by 
fractional distillation 


fractional distillation, the nitrogen is collected from the top of the column while 
the oxygen concentrates at the bottom. 


(c) Distillation is a maj 
gin, rum and brandy. It 


espe L3 Sublimation of iodine 
ew crystals of impure iodi i 
ao. odine are placed in 


_ ack lustrous crystals are Seen forming on the water-cooled inner 
tube. The iodine passing i from solid to gas has sublimed. 
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Fig. 1.8 Sublimation of iodine 


Experiment 1.4 Sublimation of ammonium chloride 

A little white solid ammonium chloride is placed in an evaporating basin, and a 
funnel is inverted over it (see Fig. 1.9). When the basin is heated gently a white 
vapour is observed and white crystals of ammonium chloride form on the inside 
of the funnel. The ammonium chloride has sublimed. 


1.7 Chromatography " 


Chromatography is the technique of separation and identification of mixtures 
by a moving liquid (the solvent) on an absorbent material such as filter paper or 


Inverted funnel 


Evaporating basin 


Fig. 1.9 Sublimation of ammonium chloride 
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blotting paper. A drop of a solution of the mixture is placed near one end of a 
strip of filter paper, and allowed to dry. Solvent is then allowed to flow along the 
paper, dissolving the mixture as it goes. Separation of the components takes 
place because each pure substance moves at a different rate. 


Experiment 1.5 Simple demonstration of chromatography 

Two parallel cuts are made from the edge of a circle of filter paper to near the 
centre so as to produce a ‘wick’ about 1 cm wide (see Fig. 1.10). A single drop of 
black ink is placed at the centre of the paper and allowed to dry. The filter paper 
is then arranged as shown, with its wick dipping into water in an evaporating 
basin. The ‘chromatogram’ should be left undisturbed to develop. 


Fold down 


Cut here 


Filter paper 


(a) (c) Completed chromatogram 
Filter paper. 
a 


Wick dipping 
in solvent 


Evaporating 
basin 


(b) 


Fig. 1.10 Simple demonstration of chromatography 


The effectiveness of the separation varies according to the solvent used in the 
evaporating basin. Determine the most suitable solvent mixture by developing 
chromatograms using methylated-spirit/water mixtures of varying proportions. 


Experiment 1.6 Separation of pigments from grass 
Small pieces of grass (or spinach) are ground with a little methylated spirit, and 


the resulting green liquid is filtered. The methylated spirit dissolves the pigments 
(chlorophylls, xanthophyll and caro 
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1.8 The Particulate Nature of Matter 


So far we have seen that matter is composed of mixtures of pure substances, and 
we have investigated ways in which mixtures can be separated into pure 
substances. Let us now look more closely at pure substances. 

We are faced with two entirely different ideas concerning the nature of matter. 
One suggests a continuous structure in which matter is infinitely divisible. The 
other proposes a ‘particulate’ structure in which the fundamental particle cannot 
be divided without altering the nature of the material. There is a considerable 
weight of scientific evidence in support of the latter idea, that all matter is 
composed of very small particles called atoms. All atoms of one element are alike, 
but they differ from those of any other clement. Two or more atoms may 
combine to form a molecule. 

Probably the most important piece of evidence to support the particulate 
nature of matter comes from the study of crystals. 


1.9 Crystals 


Most solid substances exist in a definite geometrical ferm—although a magnify- 
ing glass or microscope is often required to see this. Such substances are said to 
be crystalline, and the individual units of which they are composed are called 
crystals. Among the many examples of crystals which can be seen in the 
laboratory and in the home are the cube-like crystals of common salt (sodium 
chloride), blue crystals of copper sulphate, and the fern-like crystals of zinc which 
can be seen on the surface of galvanized iron. Different crystals of the same 
substance may not at first sight appear to be the same shape, but the angles 
between the faces remain constant. This can be illustrated by studying large 
crystals of substances such as quartz or calcite. 

These regularities in crystal form are indications of an orderly arrangement 
based on particles from which matter is composed. The symmetry of crystals, the 
way crystals grow and the way they cleave, give confidence in a particulate idea. 
This orderliness of crystals can be illustrated by two simple experiments. 


Experiment 1.7 Growth of crystals 

A glass 35 mm slide is smeared with a drop of ammonium chloride solution and 
placed in a projector so that a magnified image of the smear can be viewed on 
a screen. The solution becomes more and more concentrated as the heat from 
the projector lamp warms the slide. Needle-like crystals of ammonium chloride 
eventually appear and their growth can be observed. 


Experiment 1.8 Cleavage of crystals 

Using a single-edged razor blade, attempts are made to split crystals of calcite, 
copper sulphate or an alum. This is done by striking the reinforced upper edge 
of the blade with a small hammer. It will be noticed that a crystal cleaves easily 
in certain directions, producing smaller identically shaped pieces, while cleavage 
in other directions is very difficult. 
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This regularity in crystal structure can be best appreciated by considering that 
matter is particulate in nature. Is it Possible to estimate the size of these Particles? 


1.10 Size of Particles 


A drop of oil poured on to water Spreads out as far as possible and makes an 
extremely thin film. Chemists Suggest on evidence that this film is one molecule 
thick. In the following experiment a very small measured drop of oil is placed ona 
Clean water surface and the diameter of the oil patch is measured. The thickness 


of the film, which is an estimate of the size of an oil molecule, can then be 
calculated. 


Experiment 1.9 Estimation of molecular size 
This experiment only aims to give the order of magnitude of the quantity 
measured. 

A loop of very thin steel wire is dipped into a sample of olive oil to collect a 
small drop (Fig. 1.1 la). Excess oil is removed from the wire using filter paper. 
The diameter of the drop on the loop is measured using a 2 cm scale fitted with a 


magnifying lens (Fig. 1.115). With practice a drop 1 mm in diameter can be 
obtained. 


Wire taped to card 


Excess oil 


Oil drop 
(volume = i x T x radius?) 


(b) 


Oil drop 
($ mm diameter) 


Fig. 1.1] Measuring the volume of an oil drop 
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A large waxed tray is filled with water to the brim and the surface is dusted 
with lycopodium or talcum powder. The drop of oil is transferred from the loop 
to the water by touching the lower end of the loop to the water surface (Fig. 1.12). 
Measure the diameter of the circular oil film produced. 


/ 
Meto! troy Powder pushed Circular off fim 
(wared inside) to sides of tray — (oma mx rodis?) 


Fig. 1.12 The oil-film experiment 


Diameter of small drop on loop = 0-05 cm 
radius of small drop on loop = 0-025 cm 
volume of small drop on loop = $ x x x 0:025? cm? 
Diameter of oil film on water = 20 cm 
radius of oil film on water = 10 cm 
volume of oil film on water = x x 10? x thickness 
Volume of film on water = volume of oil drop on loop 
xx 10? x thickness = $x xx 0:025? 
: 4x 0-025? 
^. thickness = —3x10 
= 0000000 2 cm 


Thus our estimate of the length of one molecule of olive oil is 0-000 000 2 cm. 


The evidence from experiments such as this suggests that matter is particulate, 
and that the particles are extremely small. The particles could either be at rest (a 
‘static’ theory), or they could be in continuous movement (a ‘kinetic’ theory). 


1.11 Matter in Motion 


In a still room on a sunny day, dust or smoke particles are clearly visible in the 
air. They appear to be moving continuously in a completely haphazard way. A 
similar effect can be seen when cigarette smoke trapped in an illuminated glass 
container is viewed under a microscope. These and similar observations are 
consistent with the theory that invisible gas molecules in the air are moving about 
at high speed and jostling the larger dust particles. 


18 Success in Chemistry 


Experiment 1.10 Demonstration of Brownian motion 

A small drop of black printing ink is placed in water and observed under the high 
power of a microscope. The black particles are seen to be in irregular motion, 
The smaller black particles move in a more rapid and haphazard way. This 
constant, random, jerky motion can be explained by the large carbon particles of 
the ink being continually buffeted by enormous numbers of water molecules, 
Each single collision would have so small an effect as to be undetectable, but the 


imbalance produced by large numbers of collisions could produce the irregular 
motion observed. 


This important type of observation in the elucidation of the structure of 
matter was first described by Robert Brown (1827) looking at pollen grains in 
water, and is thus referred to as Brownian motion. This movement is caused by the 
continuous irregular bombardment of the large particles by the smaller 
molecules of the surrounding medium. 


Further evidence in Support of this particulate motion comes from the 
phenomenon of diffusion. 


(a) Diffusion in solids. With the development of extremely sensitive methods of 
analysis it has been found that when two metals are kept in very close contact 
over a long period of time, particles of each metal have migrated into the other. 
This can be explained if we assume that the metal particles are in motion, however 
slight, so that some drift from one metal to the other can occur. 


(b) Diffusion in liquids. Movement of particles in a liquid can be illustrated 
by the following experiment. 


Migration of 
Copper sulphate 
upwards 


Copper sulphate 
solution 


Migration of 


Copper sulphate 
downwards 


Sugar solution 


Fig. 1.13 Diffusion of copper sulphate in solution 
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Experiment 1.11 Diffusion of copper sulphate in solution 

A very concentrated solution of sugar is poured into a gas jar until the jar is one- 
third full. A fairly concentrated solution of copper sulphate is carefully poured on 
to the sugar without allowing the two solutions to mix. A further layer of water is 
then poured on to the copper sulphate solution (see Fig. 1.13). Initially the 
boundaries between layers are sharp, but after a time it is seen that the blue 
copper sulphate is migrating both upwards and downwards. This observation is 
only explained by a kinetic theory. 


(c) Diffusion in gases. If the cover is removed from a jar containing hydrogen 
sulphide, the unmistakable ‘rotten-egg’ smell of this gas can quickly be 
detected throughout the laboratory: surely strong evidence in favour of a kinetic 
theory. 


Experiment 1.12 Diffusion of bromine 

Liquid bromine is dark red in colour and evaporates spontaneously to give a 
heavy red-brown vapour. Bromine is extremely corrosive and must be handled 
with great care. Using rubber gloves and working in a fume cupboard, a little 
liquid bromine is placed in a crucible standing on a glass plate. A gas jar is 
inverted over the crucible. Notice the absence of colour in the jar. After a few 
hours the reddish colour of bromine vapour fills the jar—despite the fact that 
bromine is approximately five times as heavy as air. The bromine molecules have 
diffused throughout the air in the jar, clearly indicating that they are not static. 
In fact diffusion occurs whenever two or more gases come into contact. 


Thus we have seen that the particles of a gas, a solid and a liquid are not 
stationary but are evidently in a state of continuous random motion. The energy 
in a solid, liquid or gas is partly due to this motion of particles (kinetic energy) and 
partly due to the forces between the particles (potential energy). 


1.12 The Kinetic Theory of Matter 


Kinetic means ‘of movement’ and the kinetic theory of matter explains the 
properties of matter in terms of the movement of particles. It postulates that as the 
temperature rises, so does the kinetic energy. Thus the motion of the particles 
increases as the temperature rises. 

In a solid, the particles are extremely close together and this results in high 
density and incompressibility, i.e. the fact that high pressure has little effect on 
the volume. The highly ordered arrangement of the particles is called a lattice, and 
this leads to a regular geometrical shape in crystals of the solid. 

Consider what happens when energy (heat) is added to a crystal. Initially the 
solid expands, because the kinetic energy of the particles increases and the 
molecules, vibrating more strongly, take up more space. Eventually the particles 
vibrate so much that they leave their fixed positions and the solid melts, becoming 
a liquid. This liquid can be poured into a container and it will take up the shape of 
the container. The particles of the liquid have more kinetic energy than those of 
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the solid and do not have fixed Positions in an ordered lattice (see Fi ig. 1.14). They 
are free to wander from one position to another. 

When a liquid is converted into a Bas, its energy increases and the distance 
between the molecules increases approximately one thousand fold. There are only 
very weak interactions between molecules in the gas, and each molecule is free to 
move in continuous chaotic motion at great speed throughout its containing 
vessel. Molecules collide with other molecules and with the walls of the vessel 
The constant bombardment of molecules on the walls exerts a steady force, and 
this is called the pressure of the gas. 


Gas (extremely disordered) 


Liquid (disordered) 


Crystals of solid (ordered) 


Fig. 1.14 Arrangement of molecules in the solid, liquid and gaseous states 


1.13 The Structure of Atoms 


In the 
tradu bed Am century and the beginning of the 20th century, the 
be the ultimate particles or 3 properties and the idea that atome might not 
Let us trace the developmen nt Became better appreciated. 
t of scientists’ ideas Concerning the structure of 


1 


1913 


" 
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De velo game mi 


John Dakos developed the ides of a sobd atom (4) 
as the fundamental buikfing bioch of all matter. 


Sir J. J. Thomson carried out research at Cam- 
bridge on the discharge of electricity through pases. 
‘This led to the discovery of negatively charged 
particles called electroms (with charge —1) a 
constituents of all matter. He measured their 
charge-to-mass ratio, and described the atom as a 
solid sphere with electrons embedded in it (b). 


R. Millikan determined the charge of a single 
electron, thus enabling the mass of the electron to 
be calculated. 


Lord Rutherford, one of the greatest scientific 
experimenters, confirmed his idea that an atom 
consisted of a positively charged central aucleus in 
which was concentrated most of the mass. He con- 
cluded that there must be a large area of empty 
space around the nucleus in which electrons re- 
volved, their negative charge balancing the positive 
charge on the nucleus (c). The name proton was 
given to the basic unit of mass having a positive 
charge +1 and mass |. Niels Bohr refined 
Rutherford's model. He worked out fixed orbits 
for each electron around the nucleus based on the 
calculated energies of the electrons. 


Louis Victor de Broglie, a Frenchman, suggested 
that electrons could be regarded as waves. This 
leads to a charge-cloud picture of the atom (d) 
where the density of the cloud varies with distance 
from the nucleus. 


Sir James Chadwick discovered another nuclear 
particle with a mass similar to that of a proton, but 
which had no electrical charge. This was the 
meutron. Thus the model of the atom had to be 
extended to include neutrons as well as protons in 
the nucleus (e). 


Recent work has led to the discovery of many new 
particles in the nucleus of an atom, with the 
electrons pictured either by the 'charge-cloud" 
model or the ‘orbital’ representation. 


(e) Nucieor atom contoining 
protons ond neutrons 


dies. use 164 Lo 
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For our purposes, however, the atom can be considered as follows: 
(a) a small central nucleus, containing 
(i) protons (charge +1, mass 1) 
(ii) neutrons (charge 0, mass 1) 
(6) electrons (charge —1, mass Tess that of a proton) which may be pictured as 
either (i) particles orbiting the nucleus in definite paths 
or (ii) clouds of charge enveloping the nucleus. 
Particles within the nucleus of an atom are collectively called ‘nucleons’, 


1.14 How Heavy are Atoms? 


Mass and weight. A piece of metal weighing one kilogram on the earth would 
weigh much less on the moon, because the moon is smaller than the earth and has 


Atomic Number and Mass Number 


um world of the atom the standard mass is the mass of the proton (1 unit) and 


masses of the neutron and the electron can be compared with this standard. 


y the mass of an atomic nucleus depends on the number of protons and 


m in the nucleus is mass number, and is denoted by the symbol A. 
= ae atom the number of protons in the nucleus is equal to the number 


the same atomic number are alike in chemical behaviour 
because they have the Same number of electrons. 


as a subst isti P of the 
same atomic number. There are ance consisting entirely of atoms of 


: at present more than 100 different elements (in- 
cluding some that are man-made) from which all matter is composed. 


the atomic number or to the sun nucleus of an atom makes no difference to 


affect the mass of individua] E tle But the number of neutrons will 
er er is therefore Fi jhe eiit (98-93%) contain six neutrons: 
mass number is 6.4.7 =o they still behave chemically as carbon atoms: 


13. Atoms of the A i 
numbers of neutrons are called isot Same element having different 
of that element, In other words, isotopes 
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have the same atomic number Z but differ in mass number 4. The isotopes of 
hydrogen are shown in Fig. 1.15 


' Med aue 

Ank nema! p 

Mow unter! Netecquni Bom < mts ' 
(p Premni Te ELT [MIL 


Fig. 1.15 The isotopes of hydrogen 


Relative Atomic Mass 

Measured in grams, the mass of an atom is an extremely small and inconvenient 
fraction. It is therefore preferable to express atomic masses by comparing them 
with the mass of a 'standard' atom. The atom chosen nowadays as the standard 
for comparison is that of carbon-12, i.e. the most common isotope of carbon, 
which has a mass of 12 units. The atomic masses of all other elements are deter- 
mined relative to one-twelfth of the mass of this carbon-12 isotope. The term 
relative atomic mass replaces the term 'atomic weight' found in many older text- 
books. Modern techniques using a mass spectrometer enable relative atomic 
masses to be measured with great accuracy. 

From the way relative atomic mass is defined it might be thought that all 
elements would have whole-number masses. In fact atomic masses are rarely 
found to be exactly whole numbers. This is because most elements arc composed 
of two or more naturally occurring isotopes, and the relative atomic mass takes 
into account the abundance of each isotope. For example, chlorine contains 
approximately 75% of an isotope with mass number 35, and approximately 25%, 
of an isotope with mass number 37; consequently the relative atomic mass of an 
average sample of chlorine is 35-46. 


Chemical Symbols 
Each element has been given a chemical symbol consisting of either a single 
letter (c.g. C for carbon) or two letters (e.g. Cl for chlorine). The symbol represents 
one atom of an clement. A table showing the symbols, atomic numbers and 
atomic masses is given in the Appendix near the end of this book. 

If the mass number A or atomic number Z of each element is required, it is 
conventional to place these two numbers in front of the chemical symbol: 


mass number 
atomic number HEMICAL SYMBOL 
For example, the two isotopes of chlorine described above would be written 
13Cl and 33Cl. Similarly, !2C represents the carbon-12 isotope. 
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Summary of Unit 1 


m^»w-mmr- 


10. 


12. 


- An estimation of the 


Matter is anything which occupies space and possesses weight. 
The amount of matter contained in any object is known as its mass. 
Matter can exist in three states: solid, liquid and gas. 
A pure substance has a distinct melting point and boiling point. 
Most solids melt on heating but some sublime, i.e. change directly from solid 
to vapour without melting. 
Matter is composed of (a) elements, (b) compounds and (c) mixtures of 
elements and compounds. 
(a) Elements are the basic units of matter. They cannot be formed from 
simpler substances or broken down into simpler forms of matter. 


(6) Compounds are formed when two or more elements combine together 
chemically. 


- Mixtures can be separated by physical techniques including: filtration, 


distillation, sublimation and chromatography. 


- A solution consists of one substance dissolved in another. The dissolved 


substance is called the solute, and the substance in which it dissolves is called. 
the solvent. 


- All matter is composed of very small particles called atoms. Atoms can com- 


bine to form molecules. 


cies supporting the particulate nature of matter comes from a study of. 
erystals. 


z very small size of a molecule can be obtained by 
measuring the area covered by a drop of oil when it spreads on water. 


Brownian movement and diffusion experiments support the idea that particles 
of matter are in a constant state of motion. 


explains the movement of particles. a 
containin; h +1) ai 
neutrons (mass 1, charge 0). — ot 


—1) surround the nucleus. They may be 
represented either as a charged cloud or as particles orbiting the nucleus in 


The (2) is the number of protons in the nucleus of an atom. 
€ number (4) of an atom is the Sum of the protons and neutrons in the 


. Atomic 
mass 
n 


mass of an atom of that element 
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Test Yourself on Unit 1 
1 The following diagram refers to solid /liquid/gas phase changes 


D docs 
—— ee 
Name the changes represented by A, B, C, D and E. 


2. The following techniques are all used for the separation of mixtures: evapora- 
tion, chromatography, filtration, fractional distillation and sublimation. Which of 
these is the most suitable technique for obtaining: 

(a) Sodium chloride from a solution of sodium chloride. 

(b) Benzene from a liquid mixture of benzene and methylbenzene (toluene). 

(c) Ammonium chloride from a white powder composed of ammonium 

chloride and sodium chloride. 

(d) Small pieces of metal from the engine oil of a car. 

(e) The different pigments from an extract of flower petals. 


3. Mark cach of the following statements true or false. 
(a) It is assumed that the layer of oil in the oil-film experiment is one molecule 
thick. 
(b) The oil-film experiment gives the exact size of a molecule. 
(c) Diffusion experiments support the theory that particles of matter are in 
continuous random motion. 
(d) A study of crystals gives strong evidence that matter is particulate and 
not continuous. 


4. Link the following scientists with the discoveries which helped to make them 
famous: 


(a) Sir J. J. Thomson (i) Discovery of the neutron 
(b) Sir James Chadwick (i) Wave nature of electrons 
(c) H. Becquerel (iii) Charge on a single electron 
(d) Lord Rutherford (iv) Discovery of the electron 
(e) R. Millikan (v) Discovery of radioactivity 


(/) Louis Victor de Broglie (vi) Discovery of the nucleus and proton 
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5. Complete the following table: 


Particle Charge 


Proton 


6. What do the numbers in the symbol 7K indicate about the nucleus of the _ 
potassium atom? 


7. The following symbols refer to atoms of nitrogen: 
GN, 1§N 


Using these symbols, explain briefly the meaning of the term ‘isotopes’. 


Unit Two 


The Organization of Matter 


Electron shelis 
Energy levels 
Orbitots 


ELEMENTS 
Periodic Toble 


COVALENT BOND 


lonic crystols 


molecules 


We have seen in Unit | that an atom isa particle of matter with clouds of electrons 
revolving about a small dense mass of protons and neutrons. Furthermore it has 
been mentioned that these planetary electrons are in some way responsible for the 
chemical properties of the atom. In this Unit we will look further into the role of the 
electrons, their arrangement around the nucleus, the organization of elements 
according to their electronic structure, and the ways in which atoms combine. 


2.1 Electron Shells, Energy Levels and Orbitals 


Planetary electrons, regarded either as a cloud or as particles, can be considered as 
revolving in concentric rings or shells about the nucleus. The first shell, i.e. the shell 
closest to the nucleus, can hold 2 electrons. The second shell, at a greater distance 
from the nucleus, can hold 8 electrons; the third can hold 18 electrons, and so on. 

In general, the number of electrons in each filled shell is given by the formula 
2n?, where n is the number of the shell. 


Number of shell, n 1 2 3 4 


gs 95 Jp 7 Si 99 all! ee 


Number of electrons 


2 8 18 32 
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Nucleus 
32 |B 82 
Electron: 
Shells 
(energy levels) 


Fig.2.1 Electron shells of an atom 


Planetory 
electrons 


Fig. 2.2 Representations 
(left) charge-cloud 


of an atom: (top) flat two-dimensional model; 
model; (right) three-dimensional model 


No one diagram presents an exact picture of the atom with its electrons, and 
three of the diff ` 


in : mon ide atoms of all elements that the electrons fill the shells 


pus are closer to the nucleus than those in other higher energy 
they are held i more difficult to remove. 
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we 
ae 


its 


Fig. 2.3. Schematic representation of the electron shells of an atom 


When the nearest shell contains two electrons it is filled and further electrons 
begin to enter the next energy level, the second shell. 

In the charge-cloud picture of the atom, the electrons are thought of as clouds 
of electricity which have different shapes. Each type of cloud has a specific energy 
value. These clouds of electricity around the nucleus are called orbitals. 

Regardless of whether we think of them as occupying shells or orbitals, the 
electrons in atoms have different energies depending on their distance from the 
nucleus. These energies determine which energy level or shell the electrons may 
occupy. 


2.2 The Elements 

It is now possible to give the electron structure of the elements showing their 
electron shells and atomic number. A list of the first 20 elements is given in Table 
2.1 and a full list is given in the Appendix. 

Table 2.1 Electronic structure of the elements hydrogen to calcium 


Atomic Shell number 
2 3 4 


i 
i 
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THE PERIODIC TABLE or THE ELEMENTS 
(An alphabetical list of the " be found in the oppendu) 


Transition metols 


4790 
2eTi 


Titanium 


52.00 


2aCr 


Chromium 


92.91 


4iNb 
Niobium 
180.9 


7310 
Tantalum 


186.2 
zsRe 


Rhenium 


1902 
760S 


Osmium 


ns 
] Torron 
= [Y 970 | 2006 | 2004 208.0 
E rePt roAu soHg etl aBi 
m A rm | Gols Merry | Tholthum M 


Tungsten 


m30 750 


625 
«Gd | esTb | «Dy 
Gosoeragm Terdium | Oysprosium 
(247) (247) tsn 
Cm |sBk | əCf 
Curium | Berketium | Colornium 
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The main points to notice in Table 2.1 are as follows: 


(i) For the first 18 elements the electron is added to the outermost shell unti 
the shell is complete. 

(ii) The innermost shell is filled when it contains 2 electrons. This first occurs 
in the element helium, with atomic number 2. 

(iii) Lithium (atomic number 3) is the first element to contain an electron in the 
second shell. This shell is completed when it contains 8 electrons, represented by 
the element neon (atomic number 10). 

(iv) The third shell can contain 18 electrons. However, the fourth shell begins 
to fill before the third shell is complete. Thus the element potassium (atomic 


number 19) has one electron in the fourth shell and only eight electrons in the 
third shell. 


(v) The maximum number of electrons in the outermost shell is never more 
than eight, 

If, as suggested in Section 1.13, the chemical properties of an element are related 
to its electronic structure, it would seem probable that any regularities, or 
periodicity, in electronic structure should lead to regularities, or periodicity, in 


chemical properties, This is in fact true, and it can be demonstrated by arranging 
the elements systematically. 


2.3 The Periodic Table 
A Russian chemist, Dmitri Ivanovich Mendeleev, in 1869 first produced a table 
showing this regularity or periodicity of elements. He stated that ‘the elements, 
if arranged according to their atomic weight, show a distinct periodicity of their 
Properties’, Using this table Mendeleev was able to forecast the existence and 
Properties of several undiscovered elements; a truly remarkable step. 

Today we arrange elements in order of ascending atomic number with elements 
having similar Properties and electronic structures at regular intervals. This is 
the periodic table of the elements and is shown in Fig. 2.4. 
ows of elements are called periods. 


mns of elements are called groups or families. 


Horizontal r 
Vertical colui 


Periods 

Peod | contains 2 elements only. 

one ES ee each contain 8 elements and are called short periods. They have 

dima sate 7 are called long periods. They contain additional sets of 
Sition elements, For example, the first long period (period 4 

distinctly different eje e 1 the same way ai periods 2 and 3 but contains 10 


The Organization of Matter 33 


Groups or Families 
The elements within a group of the periodic table show marked chemical simi- 
larities with a gradation of properties. 

The group on the extreme right of the periodic table (see Fig. 2.4) is interesting 
because of the reluctance of the elements in this family to undergo chemical 
reactions. Their electronic structures are shown in Table 2.2. 
Table 2.2. Electronic structure of the noble gases 


Atomic Shell number 

number — Sm 1 2 3 4 5S 6 
a 
2 Helium He 2 

10 Neon Ne 2 8 

18 Argon Ar x E 8 

36 Krypton Kr 2 8 18 8 

54 Xenon Xe 2. «jm 18 18 8 

86 Radon Rn 2.39. 19334 19-8 


This chemically unreactive family of elements is called the noble gases. The 
outer shell of each of these elements is either filled, as in the case of helium and 
neon, or contains an ‘octet’ of eight electrons. It seems, therefore, that such an 
electronic structure is associated with chemical stability. 

The family of elements on the extreme left of the periodic table is called the 
alkali metals. They all have one electron in the outer shell (see Table 2.3), and 
show remarkable chemical similarity. 


Table 2.3 Electronic structure of the alkali metals 


Atomic Shell number 

pner Name Sume a m Be a> cs 6 
Bas dE s ee VIR RUNE 
3 Lithium n 3l i 

T Sodium Na 36g 1 

19 Potassium K Tite Ce." ^d 

3 Rubidium Rb ^T e 5s od 

55 Caesium Cs Duque fey m i 


ened wet LE Se, 


Another interesting and important family of elements is the halogens. They 
each contain seven electrons in their outer shell, as shown in Table 2.4. 


2.4 The Nature of the Chemical Bond 


Elements are held together by forces which are called bonds. Some bonds are 
strong and require much energy to break them, while others are comparatively 
weak. Chemical reactivity, i.e. the ease of making and breaking bonds, is often 
the result of atoms trying to attain a more stable configuration of electrons. 
The most stable electronic configuration of all is the ‘noble-gas’ structure 
with its outer shell of eight electrons. There are essentially two ways in which 
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Table 2.4 Electronic structure of the halogens 


Atomic Shell number 
Per Name Symbol 1 2 3 4 5. ae 


9 Fluorine F 2 7 
17 Chlorine cl 2 8 7 
35 Bromine Br 2 8 18 7 
53 Iodine I 2 8 18 18 7 
85 Astatine At 2 8 i8 32 31859 


other elements can achieve this stable electronic structure: (a) by electron transfer 
and (5) by electron sharing. 


2.5 The Ionic Bond 


An ionic bond (sometimes called an ‘electrovalent’ bond) is formed by the 
complete transfer of electrons from one atom to another, resulting in the forma- 
tion of charged particles called ions. Atoms which have Zost electrons will havea 
Positive charge because the number of positive protons in the nucleus will out- 
number the remaining negative electrons. Such positively charged ions are called 
cations. Negatively charged ions are called anions, and are the result of atoms 
gaining electrons (see Unit 5). 

The alkali metals (Group 1 of the periodic table) have one electron in excess of 
a noble-gas Structure, whereas the halogens (Group 7) all have a noble-gas 


structure less one electron. Consider the electronic structure of the sodium atom 
and the chlorine atom (Fig. 2.5). 
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Fig.25 Schematic representations of the electrons in a sodium atom and a 


chlorine atom 


When sodium metal i 
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no resemblance to the original elements, sodium and chlorine. Whereas we 
started with two reactive elements —a metal and a poisonous gas—we now have 
an unreactive white powder—common salt—which is neither metallic nor 
poisonous, 


Energy 
er AS |, SS t 


Energy 
level 


[Sodium ion] [Chloride ion] 
(2.8) 


Fig. 2.6 Schematic representation of the reaction between sodium metal 
and chlorine gas 


This process of electron transfer can be conveniently represented as follows: 
Na — Na* +e 
and Cl+e Cl 


where Na represents an atom of sodium, Na* represents a sodium ion, Cl an 
atom of chlorine, Cl~ a chloride ion, and e is the symbol for an electron. 

Between any pair of electrical charges of opposite sign there is an ‘electro- 
static' force of attraction (just as there is a force of attraction between unlike 
magnetic poles). Thus positively charged sodium ions and negatively charged 
chloride ions are held together by electrostatic attraction. We conclude, there- 
fore, that an ionic bond is caused by the attraction between oppositely charged 
ions which result from the complete transfer of electrons from the outer electron 
shell of one atom to another. 

The alkali metals in Group 1 of the periodic table achieve a stable octet in the 
outer shell by losing one electron to form a unipositive ion, X* (where X repre- 
sents any Group 1 metal). 

Group 2 metals (the alkaline-earth family) have two electrons in their outer 
shell. Thus to achieve a stable octet of outer electrons they must lose two electrons 
to produce a dipositive ion, X^* (where X represents any Group 2 metal). For 
example, in the reaction between magnesium metal and fluorine gas (shown in 
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noble gas neon, but this is the only similarity. They have, of Course, different 


Tonic Crystals 
Inan ionic crystal, oppositely charged ions will attract One another, whereas ions 
of like charge will repel one another. Each Positive cation therefore becomes 


the result is always a closely interlocked structure of ions arranged to reach a state 
of minimum energy. Let us consider by way of example the crystal lattices of 
sodium chloride (Na* Cl -) and caesium chloride (Cs* CI p 


Energy 
level 


Fluorine atom Fluorine atom 
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The formulas Na*Cl~ and Cs*Cl~ which we give to these giant structures 
only imply that the ratio of anion to cation is 1:1. 


2.6 The Covalent Bond 


To remove one electron from an atom requires energy. This process creates a 
positive ion, and the removal of any further electron or electrons from this ion 
requires even more energy (because of the increased attraction by the positive 
nucleus for the remaining negative electrons). 

Carbon, in Group 4 of the periodic table, has an electronic structure comprising 
two electrons in the first shell and four electrons in the second shell. In the com- 
pound tetrachloromethane (carbon tetrachloride), each carbon atom is associ- 
ated with four chlorine atoms. If the bonding in this compound was formed by 
electron transfer, the four outer electrons of carbon would be transferred to each 
of four chlorine atoms. Using symbols, this would be represented as: 


C+ Ctt +4e 
and 4Cl+4e > 4C17 


The energy required to remove four electrons from a carbon atom is so large 
that this process is extremely unlikely. Instead, the carbon atom attains the 
electronic structure of the noble gas neon by sharing pairs of electrons: this 
requires much less energy than electron transfer. Each shared pair of electrons is 
a covalent bond, formed between two atoms. Thus a molecule of tetrachloro- 


pa (carbon tetrachloride) contains four covalent bonds and can be repre- 
sented: 


(Co: i: C : Cl: 

:Cl: 
This equation shows onl 
small dots. Note that, 


carbon atom and of 
electrons. 


n ee compounds (hydrocarbons) contain covalent bonds. 
Hee Ry the major constituent of natural 8as, is the simplest of these hydro- 
ns, and each molecule of methane contains a carbon atom joined by four 


y the outermost electrons, which are represented by 
because of this sharing of electrons, the outer shells of the 
the four chlorine atoms each achieve a stable octet of 


covalent bonds to four hydrogen atoms: 
; H 
"CH e H:C:H 
H 


By shari i 

giae ka for a carbon has achieved a stable octet of electrons, 
; Structure of neon; at th i tom 

has achieved a stable duet of electron: 10 5 X elg e a 


S, giving it the noble-gas structure of helium. 
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For greater convenience the covalent bond can be represented by a straight 
line; thus the methane molecule is often shown as 


or, in abbreviated form, CH,. 

In order to achieve a stable octet of electrons, atoms sometimes share more 
than one pair of electrons to form a bond. Carbon dioxide (CO,), the gas which 
bubbles out of fizzy drinks, has in its molecule two pairs of electrons shared by 
two atoms 

oreta: 

This type of covalent bond, containing two shared pairs of electrons, is called 
the double bond. It can be represented as a double straight line; thus the carbon 
dioxide molecule is often shown as O=C=O where each line represents a pair 
of shared electrons. 


2.7 Shapes of Simple Covalent Molecules 

The shared pair of electrons, or covalent bond, holding two atoms together is 
extremely strong compared with the weak attractive forces between individual 
molecules. For this reason covalent compounds are usually composed of small 
individual molecules—in contrast to the giant lattice structure of ionic crystals. 


(a) Methane 

The two-dimensional representations for methane and tetrachloromethane 
(carbon tetrachloride) molecules given in Section 2.6 cannot show how these 
molecules are arranged in space. A more complete picture is given if we go back 
to the charge-cloud model of the atom (Section 1.12). The four outer electrons of 
carbon can be considered as pear-shaped clouds of negative charge. These 
clouds repel one another and become evenly distributed in space around the 
nucleus. The most stable shape that four mutually repelling pear-shaped clouds 
could adopt would be that in which each orbital points towards the corner of a 
a regular tetrahedron (Fig. 2.9). 


Carbon 
nucleus. 


Electron clouds eoch 
containing 1 electron 


Fig. 2.9 Orbital clouds for the four outer electrons of carbon 
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The orbital cloud for the hydrogen electron is spherical (Fig. 2.10). 


Hydrogen 
nucleus 


Fig. 2.10 Orbital cloud for the hydrogen electron 


When the spherical orbitals of four hydrogen atoms overlap the -—— 
orbitals of carbon, four covalent bonds are formed. These four bonds p 
towards the corners of a regular tetrahedron (Fig. 2.11). 


Hydrogen Bonding electron 
nuclei j 


pairs 


Fig. 2.11 Charge-cloud model for methane 


In a similar manner to the carbon at 
nitrogen atoms in ammonia 
towards the corners of a tet: 


om in methane, the outer electrons us. 
are distributed in four pear-shaped orbitals pointing 
rahedron (Fig. 2.12). 


(b) Ammonia 


and can achieve the n 


: e 
structure of neon by sharing three electrons, On 
from each of three hy 


drogen atoms: 
H: N :H or H—N—H 
H | 
H ; 
Three of the orbitals contain only one electron and are thus available for bonding 
with three spherical, singl 


s 2 Y occupied, hydrogen orbitals, The fourth orbital of 
nitrogen is filled use it contains two el 


lectrons. Such a pair of electrons is 
called a lone pair (Fig. 2.13), j 
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Filled orbital 
containing two electrons 


Orbitals containing 
‘only one electron 


Fig. 2.13 Charge-cloud model for ammonia 


Thus the tetrahedral model can be used for ammonia with a lone pair of 
electrons occupying one of the four positions, but the molecule is, of course, 
pyramidal. 


(c) Water 

Most people know the formula for a water molecule to be H5O. Is this to be ex- 

pected from its electron configuration? What is the shape of the water molecule? 
An oxygen atom contains six electrons in its outer shell and can thus share two 

electrons from each of two hydrogen atoms to gain its stable octet: 


:0:H Or DS H 


H | 
H 


Once again the tetrahedral model can be used, with two lone pairs of electrons 
occupying two of the positions (Fig. 2. 14). 

^ ' Lone pairs 
of electrons 


Oxygen 
nucleus f 


Bonding electron pairs 
Fig. 2.14 Charge-cloud model for water 
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That part of the molecule which contains lone pairs of electrons become 
slightly negatively charged in comparison with the rest of the molecule. In cons- 


quence some other part of the molecule must possess a slight positive charge to 
make the whole molecule neutral. 


oO © 


Ñ ö 
/\\ FX 
H HH H H 
® © 
Ammonia Water 


Molecules which possess this charge separation are said to be polar, and such 
polarity has very important influences on the properties of these molecules. 


2.8 The Co-ordinate Bond (Dative Covalent Bond) 


We have seen that molecules 


can have orbitals containing lone pairs of electrons. 
Ammonia has one lone pair: 


s 
va 
H^ | ^H 
H 
and water has two lone pairs: 
ay 
H H 
Ammonia will react with hydrogen cations, using its lone pair of electrons to 
form a covalent bond. 


P The bond differs from normal covalent bonds only in that 
one atom supplies both electrons to form the shared-pair bond. 


Ee H + 
H :N:+H* > |H :N: H 
i N 


H 
Once formed, this co- 


ee . MS Co-ordinate bond between the nitrogen and hydrogen is 
identical and indistinguishable from the other nitrogen-hydrogen covalent bonds. 
The ion NH} produced 


in this reaction is called the a mmonium ion. 
2; Characteristics of Co ini i 
9 m, 
pounds containing Ionic 


Ionic compounds such as sodi: 
might be expected to have 
pounds such as iodine and 
(Fig. 2.15). 


um chloride, with their huge rigid crystal lattices, 
markedly different properties from covalent com- 
carbon dioxide which exist as separate small molecules 
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(a) Sodium chloride 
(structure) 


'oiciol 
(c) Carbon dioxide 
(molecule) 
Fig. 2.15 Contrast between an ionic lattice and individual molecules: (a) 


lattice structure for sodium chloride ; ( b) an iodine molecule; (c) a carbon 
dioxide molecule 


(a) Melting Point 

Ionic compounds are solids with high melting point (e.g. sodium chloride); 
covalent compounds are often gases (e.g. carbon dioxide), liquids (e.g. tetra- 
chloromethane) or low-melting solids (e.g. iodine). This is explained because the 
electrical forces between ions in an ionic compound are very strong and the 
thermal agitation of the ions must be great in order to break down the lattice. 
High temperatures are necessary to melt the crystal. In contrast, the forces between 
covalent molecules are weak (the actual covalent bond between atoms in each 
molecule is strong) and the thermal agitation necessary to separate the aggregate 
of molecules is small. In consequence the melting point is low, as in iodine (a 
crystalline covalent solid melting at 114°C) and carbon dioxide (a gas at room 
temperature). 


(b) Solubility 

Ionic compounds are soluble in only a few solvents, notably water. These solvents 
must be capable of breaking down the crystal lattice into ions. Covalent com- 
pounds tend to be insoluble in the solvents which dissolve ionic compounds, but 
they do dissolve in covalently bonded solvents such as tetrachloromethane 
(carbon tetrachloride), petrol and paraffin. 


(c) Electrical Properties 

Solid ionic compounds do not conduct an electric current. However, when 
molten or dissolved in water the lattice is destroyed, the ions are free to move 
around, and they are then able to carry an electric current (see Section 5.1). 
Covalent compounds contain no ions even in the liquid state; therefore they are 
non-conducting. Pure water is a poor conductor of electricity, but a solution of 
an ionic solid dissolved in water is a good conductor. The water is able to break 


44 Success in Chemistry 


down the lattice so that the ions are free to move. A solution of a covalent com- 


pound in water is non-conducting, unless a chemical reaction between the com- 
pound and water takes place and produces ions. 


2.10 Giant Molecules 


(a) Diamond and Graphite 

Unlike the simple covalent compounds we have considered so far, there are a few 
Which do not appear to dissolve in any solvent and in addition have very high 
melting points. They are giant molecules in which the whole crystal is one molecule. 


Diamond and graphite, the two crystalline forms of carbon, are good examples of 
these giant covalent structures. 


? 


"T 


i e €peated throughout the whole molecule 
hard and is used for cutt; ture is extremely Strong and rigid. It is therefore very 


carbon atoms are ed b: lent bonds 
In a pattern of interlock; Joined by strong cova 
iine i ocking hexagons (Fig. 2.17). Each carbon atom is joined to 
nding 
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Fig.2.17 The structure of graphite : widely separated layers of carbon atoms 


(b) Polymers 

We have seen in diamond and graphite that carbon is capable of forming multiple 
bonds. In everyday life there are numerous materials which contain similar 
multiple bonds: familiar examples include nylon, polyvinyl chloride (PVC), 
polythene, and polyurethane. These are called polymers (poly = many). Thus the 
polythene molecule is a very long chain of many carbon atoms, each covalently 
bonded to hydrogen: 


Polymeric molecules are discussed in detail in Unit 12. 


(c) Ice 
The polar nature of the water molecule produces attraction between separate 
molecules. This weak but important attractive force between the hydrogen of one 
molecule and the oxygen of an adjacent molecule is called a hydrogen bond (Fig. 
2.18). 

As water is cooled on a microscope slide ice begins to form on the surface. On 
examination under a microscope hexagonally shaped ice crystals can be seen. 
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Fig. 2.18 The hydrogen bond in water 


These crystals result from an o 


pen lattice arrangement produced by hydrogen 
bonding between the water eae tks (Fig. 2.19). 
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caesium chloride shown in Fig. 2.8. The electrons which once were charge-clouds 
attached to the individual metal atoms may be considered as having coalesced 
into a single cloud of charge which now surrounds the metallic ions in the crystal 
lattice. Each ion has an attraction for several of the outer electron charge-clouds 
of individual nuclei, and it is thought that these charge clouds are not bound to any 
single nucleus but spread out. These electrons are said to be delocalized. The ions 
are held together in a ‘sea of mobile electrons’ producing a giant structure 
(Fig. 2.20). It is these mobile ‘free’ electrons which account for the electrical 
properties of metals (see Unit 5). 


Fig. 2.20 The structure of a metal 


Summary of Unit 2 


1. Electrons are found in shells around the nucleus of an atom. 

2. Each shell is associated with a particular energy. Shells are thus sometimes 
called energy levels. The lowest energy level is the one nearest the nucleus. 

3. The maximum number of electrons in each energy level is given by 2n*, where 
n is the energy level number. 


48 


> 


bd 


9 


16. Covalent Compounds tend 


- The elements within 


- The noble gases are a 


- Elements react to a 


- Electron transfer produces 


Success in Chemistry 


- Electrons are found in orbitals within each energy level. These orbitals ge 
variously shaped clouds of electronic charge. 

Each element has a particular electron structure with its electrons arranged 

in specific energy levels, 

The periodic table arranges elements in order of ascending atomic number 

Horizontal rows of elements are called periods; vertical columns of element 

are called groups or families. 


à group or family (e.g. Group 1, the alkali metal 
have similar chemical properties. 

family of elements each containing eight electrons (an 
Octet) in their outer energy level. Such an outer octet of electrons is associated 
with chemical stability. 


chieve this stable electron structure by electron transfer ot 


by electron Sharing. 


an ionic bond between Positively charged cations 

and negatively charged anions, i 

. Ionic compounds form ionic crystals in which the positively and negatively 
charged ions are arranged in a rigid crystal lattice. 


. Electron sharing produces a covalent bond. Each shared pair of elect 
produces a Single covalent 


bond; two shared pairs of electrons produce à 

double bond, 

* Covalent compounds exist as molecules. Each molecule has its own shape of 
Spatial arra; 


ngement, e.g. a molecule of methane is tetrahedral. 
- Molecules in Which there is some charge separation are said to be polar. " 
- Tonic compounds tend to be solids with high melting points. They are solu 


in polar Solvents. When molten or in aqueous solution they are able to 
conduct an electric current. 


: s to be gases, volatile liquids or solids with a 
melting Points. They are soluble in non-polar solvents and do not condu 
electricity, 


17. Diamond and gra; 
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Test Yourself on Unit 2 
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sA 


Which of the follow; 


atom, where n is the shel] number? 
(a) n, (b) 2n?, (cy (n+2), (a) (n--8). : 


on each of the following Statements true or false: 
i) Tea lls are sometimes called energy levels, 
ell nearest nucleus has the highest energy. 
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(c) The shell nearest the nucleus can contain a maximum of two clectrons. 
(d) An orbital is a cloud of electricity formed by electrons around the nucleus 
of an atom. 


3. Elements in the periodic table are arranged in order of their: 
(a) relative atomic mass, 
(b) atomic number, 
(c) mass number, 
(d) metallic character. 


4. Consider the following elements from the outline of the periodic table above: 
(a) 3, 11, 19, 37, 55. 
(b) 9, 17, 35, 53, 85. 
(c) 2, 10, 18, 36, 54, 86. 
(d) 21, 22, 23, 24, 25, 26. 
(e) 3, 4, 5, 6, 7, 8, 9, 10. 
(i) Which set of elements is called the noble-gas family? 
(ii) Which set of elements is called the halogen family? 
(iii) Which set of elements is called the alkali metal family? 
(iv) Which set contains only transition metals? 
(v) Which set is a short period? 


5. The following symbols refer to atoms of magnesium and chlorine: 
iMg id 
(a) State the number of electrons in successive electron shells of these atoms. 
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(b) Explain why chlorine forms an ion Gr- 

(c) Write the symbol for the magnesium ion. 

(d) Write the formula for the ionic solid formed when these two elements 
combine. 


(e) Would you expect this solid to have a high or low melting point? Give a 
reason. 


6. Why is it incorrect to refer to a molecule of sodium chloride while it is correct 
to refer to a molecule of ammonia? 


7. Mark the following statements true or false: 
(a) A methane molecule is tetrahedral. 
(b) A water molecule is linear. 
(c) An ammonia molecule contains a lone pair of electrons. 
(d) An ammonium ion contains four equivalent covalent bonds. 


8. Both methane and diamond are covalently bonded. Methane is a gas, diamond 
is a solid with a very high melting point. Why? 


Unit Three 
Matter and the Mole 


CHEMICAL FORMULAS 


Constancy of 
Chemical Composition 


EMPIRICAL FORMULAS 
MOLECULAR FORMULAS 
CHEMICAL EQUATIONS 


Calculations involving 
reacting masses 


So far we have looked at the ways in which atoms combine: how electron transfer 
leads to the giant ionic-lattice structure of sodium chloride, for example, while 
electron sharing produces simple individual covalent molecules such as methane. 
In this Unit we move from the study of individual atoms, ions and molecules to the 
chemical laboratory where we use materials in measurable quantities. We see how 
chemical formulas and chemical equations are developed asa result of experiment. 


IONIC 
FORMULAS 


COVALENT 
FORMULAS 


3.1 The Gram-Atom and the Mole 


(a) The Gram-Atom 
We have discussed in Section 1.14 the idea of atomic masses relative to the mass of 
the carbon !2C isotope taken as 12 units. Relative atomic mass is defined as the 
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mass of one atom of the element compared with one-twelfth the mass of one atom 
of carbon '2C. 

If we use grams as units to express these relative atomic masses we have the 
'gram-atom'. One gram-atom of any element is the relative atomic mass of that 
element expressed in grams. For example, the relative atomic mass of the element 
copper (Cu) is 63:5 and that of sulphur (S) is 32-1. Therefore one gram-atom of 
copper would be 63:5 grams and one gram-atom of sulphur would be 32-1 grams. 

The concept of the gram-atom is useful because, while it is impossible to see or 
weigh individual atoms very easily, we can actually see and weigh one gram-atom 
of an element. 

One gram-atom of any element contains the same number of atoms. This fact is 
illustrated in Fig. 3.1 by analogy with children's marbles of masses 10 g, 20 g and 


30 g. If we take three samples, A, B and C, each of 300 g, there will be 30 marbles 
in A, 15 marbles in B and 10 marbles in C. 


300g = 300g = 300g = 
30 marbles I5 marbles 10 marbles 


Fig. 3.1 Atoms represented as marbles : each sample has the same mass 


However, if we take an amount 
say 100 g of A, 200 g of B and 3 
marbles in each sample—in this 


of each type of marble proportional to its mass, 
00 g of C, then there will be the same number of 
case 10, as shown in Fig. 3.2. 


l00g A= 20098 = = 
IO marbles y oge 


lO marbles IO marbles 
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Similarly, if we take masses of different elements proportional to their relative 
atomic masses, then each sample of the elements will contain the same number of 


atoms (see Fig. 3.3). 


1 gram-atom of sulphur 


1 gram-atom of carbon 


1 gram-atom of copper 


635g 


All contain the same number of atoms 


Fig.3.3 One gram-atom of each element contains the same number of atoms 


Thus one gram-atom of each element contains the same number of atoms. 


(b) The Mole 

The actual number of atoms in every gram-atom of an element is, as we might 
expect, very large. It has been found to be 6-02 x 1073. Thus 63:5 grams of copper 
metal, for example, contains 6-02 x 107? atoms of copper. 

This important number, 6:02 x 107°, is known as the Avogadro constant or 
Avogadro’s number in honour of Amadeo Avogadro (1776-1856). Avogadro 
was born and educated in Italy, where he practised law for a number of years. 
His interests turned towards physics, however, and he is remembered today for 
his famous hypothesis concerning molecules in gases (see Section 4.6). 

The amount of substance which contains Avogadro’s number (6-02 x 1073) of 
particles is called one mole. It does not matter whether the particles are atoms, 
molecules or ions. Thus one mole of copper metal contains 6:02 x 10”? atoms of 
copper; one mole of chlorine gas (Cl;) contains 6-02 x 10?3 chlorine molecules or, 
since each chlorine molecule consists of two atoms, 2x (6-02 x 102°) atoms of 
chlorine. One mole of sodium chloride (Na*Cl-) contains 6-02 x 10?? sodium 
ions (Na*) and 6:02 x 10?? chloride ions (C17). 


3.2 Chemical Formulas through Experiment 


Using the mole concept we are now able to determine chemical formulas by 
experiment in the laboratory. A chemical formula uses symbols to show the 
numbers of the the atoms or ions of the elements contained in one molecule or 
smallest portion of a compound. If there is more than one atom or ion of each 
element present, the actual number is indicated by a figure written as a subscript 
immediately after the symbol. For example, one molecule of carbon dioxide 
contains one atom of carbon and two atoms of oxygen: its chemical formula 
is therefore CO;. 

The following experiments illustrate laboratory methods of finding the 
chemical formula of a compound. 


54 Success in Chemistry 


Experiment 3.1 Determination of the chemical formula of black copper oxide 
In this experiment a pure sample of black copper oxide is analysed to find out how 
many moles of copper combine with one mole of oxygen atoms. 


Excess gos burning 
^ 


.. Small hole 


Heat Large tes! tube 


Fig.3.4 Reduction of black copper oxide 


A porcelain boat is weighed, first empty and then containing a little pure black 
copper oxide. It is then placed in a hard-glass test tube having a small hole near 
the closed end (see Fig. 3.4). A steady stream of coal gas, or hydrogen from a 
cylinder, is passed through the apparatus until all the air has been displaced from 
the test tube. Great care must be taken with regard to safety whenever hydrogen is 
being used, as mixtures of air and hydrogen are violently explosive. 

To check that all the air has been displaced, take samples of the gas in a small 
test tube and ignite them at some distance from the apparatus. When a sample 
burns quietly rather than explosively it is safe to ignite the gas issuing from the 
small hole in the main test tube. 

On heating the contents of the tube with a hot non-luminous bunsen flame, the 
black colour of the oxide changes to the pink colour of copper. The hydrogen 
removes the oxygen from the copper oxide, forming water vapour, and pure 
copper is left. 

The apparatus is then allowed to cool, but the stream of gas must be maintained 
or oxygen from the air may enter the tube and re-form copper oxide with the hot 
copper powder. 


When the apparatus is cold, the boat containing the copper is removed and 
reweighed. 


Results 

Mass of boat = 832g 

Mass of boat and copper oxide = ]086g 

Mass of boat and copper = ]1035g 

-. mass of copper = 203g 

-. mass of oxygen = 051g 

One mole of copper atoms have a mass of 63-54 g 

^. number of moles of copper in the sample E05 
63-54 


= 0-032 


One mole of oxygen atoms have a mass of 16g 
number of moles of oxygen atoms in the sample = osi 


= 0032 


0-032 mole of oxygen atoms are combined with 0-032 mole of copper 

| mole of oxygen atom are combined with 1 mole of copper 

6:02 = 10?? oxygen atoms are combined with 6-02 x 107? copper atoms 
^. 1 oxygen atom is combined with 1 copper atom 


Thus the chemical formula of copper oxide is Cu,O;, but as it is usual to ignore 
subscripts where only one atom of each element is present, the formula is generally 
written as CuO. 


Experiment 3.2. Determination of the chemical formula of water 

In Experiment 3.1 water was one of the products of the reaction. We now modify 
the procedure so that the water vapour produced can be collected and weighed. 
Great care must be taken with regard to safety whenever hydrogen is being used, as 
mixtures of air and hydrogen are violently explosive. 


A 


Fig.3.5 Determination of the chemical formula of water 


The apparatus is shown in Fig. 3.5. Tube A is filled with dry, pure, wire-form 
copper oxide and then weighed. It is connected to the weighed condensation and 
absorption tubes (B). The absorption tube contains anhydrous calcium chloride 
which absorbs water vapour. Pure dry hydrogen is passed through the apparatus 
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until all the air is displaced. Observe the same precautions as those described in 
Experiment 3.1. The gas issuing from the jet (C) is ignited, and the tube A is 
heated with a hot non-luminous bunsen flame. 

After 5-10 minutes the heating is stopped, but the flow of hydrogen is main- 
tained until the apparatus is quite cold. Tubes A and B are then wei ghed separately. 


Results 
Mass of tube A and copper oxide before heating = 108-97 g 
Mass of tube A and contents after heating = 104-17g 
«<. mass of oxygen taken from copper oxide and 
converted into water 4:80 g 
Mass of tube B before experiment —  9449g 
Mass of tube B after experiment =  99:89g 
<. mass of water produced 540g 
<. mass of hydrogen in the water = — $40g—480g = 060g 
Calculation 


1 mole of hydrogen atoms have a mass of | g 


<. number of moles of hydrogen atoms in the water produced — oe 
1 mole of oxygen atoms have a mass of 16 g 
`. number of moles of oxygen atoms in the water produced = * 
= 0:30 
~^. 0-60 mole of hydrogen atoms combine with 0-30 mole of oxygen atoms 
`. 2 moles of hydroge 


n atoms combine with 1 mole of oxygen atoms 
Togen atoms combine with 6-02 x 102 oxygen atoms 
combine with 1 oxygen atom. 


Thus the chemical formula of water is H,O 


"2x 602 x 102? hyd: 
`. 2 hydrogen atoms 


1, usually written as H,O. 
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3.4 Writing Chemical Formulas 


Formulas for most compounds have been determined experimentally and 
details can be found in various books of chemical data. However, the chemist 
requires a simple and quick method for deducing these formulas without recourse 
to experiment. 


(a) Ionic Compounds 
Many different electrical experiments can be carried out on the quantity of 
electricity required to liberate one mole of an element from a chemical compound 
and the results used to calculate the charges on the ion(s) of that element (see 
Section 5.5). Some of the more common ions, both positive and negative, are 
listed in Table 3.1. 

Ionic compounds result from a combination of cations and anions such that 
the resulting giant structure has no overall charge. For example: 

(i) one Na* and one Cl~ give Na*Cl~ 

(ii) two Nat and one SO3~ give Na* Na* SO?" or Naz S047 

(iii) one Ca?* and one SO2- give Ca?* SO 

(iv) one Ca?* and two NO; give Ca?^* NO; NO; or Ca?* (NO;); 

(V) one AP* and three CI- give AP*CI-CI-CI- or AP*CI; 

(vi) two AP * and three SO2- give AP *AP*SO2-SO$ SO” or Al} *(SO2 
Note that, in order to achieve electrical neutrality in example (vi), two ADP* must 
unite with three SO2-. 


Nomenclature based on oxidation numbers. It will be noticed that a roman 
numeral appears after the names of many of the ions in Table 3.1. This is the 
oxidation number. The following rules show how this oxidation number is 
calculated: 

(i) the oxidation number of hydrogen is defined as +1 (except in metallic 
hydrides when it is — 1, and in hydrogen gas H; when it is zero); 

(ii) the oxidation number of oxygen is defined as —2 (except in peroxides when 
it is — 1, and in oxygen gas O; when it is zero); 

(iii) the oxidation number of any other element is selected to make the sum of 
the oxidation numbers equal to the charge on the ion. 

Where an element has more than one oxidation number, the oxidation 
number is stated directly after the name of the ion (see Table 3.1). 

For simple cations the oxidation number of the element is its ionic charge. 

For simple anions the systematic ending -ide is used (except for non-metal 
hydrides such as water, ammonia and methane). 

For anions derived from the oxoacids the oxidation number of the element 
combined with oxygen is given together with the ending -ate. For example, the 
SO3-anion is called tetraoxosulphate(vi) because the oxidation number of 
the sulphur in this ion is +6. This is calculated as follows: 

the total charge on the ion is —2; 

the oxidation number of each oxygen atom is —2, and 
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the sum of the oxidation numbers of four oxygen atoms is —8; 

therefore, in order to give the ion a total charge of —2, the sulphur must have 
an oxidation number of +6. The reasoning becomes clear if we write the oxida- 
tion numbers on the formula of the ion: 


+6 (4x-2) |2- 
[s p ! 


Similarly, the SO3~ anion is called trioxosulphate(1v) because the oxidation 
number of sulphur is +4: 

+4 (3x -2) |2- 

S O 3 


The first two columns of Table 3.2 show the systematic nomenclature for a 
number of ionic compounds. However, IUPAC, national authorities and 
examination boards still prefer the more traditional names sulphate, sulphite, 
nitric, nitrous, nitrate, nitrite and thiosulphate, and these names, as shown in 
the third column of the table, will be used throughout the rest of this book. 


Table 3.2 Use of oxidation numbers in naming ionic compounds 


Formula Systematic name Adopted name 
Na*Cl^ sodium chloride sodium chloride 
Cv?*SOj- copper(ir) tetraoxosulphate(v1) copper(ir) sulphate 
Cu$SOi^ copper(1) tetraoxosulphate(v1) copper(1) sulphate 
NaSO3~ sodium trioxosulphate(1v) sodium sulphite 
H*NO; trioxonitric(v) acid nitric acid 

H5S0i^ tetraoxosulphuric(v1) acid sulphuric acid 

H*CI- hydrochloric acid hydrochloric acid 
(NH4)3PO3~ ammonium tetraoxophosphate(v) ammonium phosphate 
Ca? * CO3~ calcium carbonate calcium carbonate 


Fe?* (OH); iron(ur) hydroxide iron(1) hydroxide 
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(b) Covalent Compounds 

The formulas for covalent compounds are determined by the electron structure of 
the elements in the compound. The number of covalent bonds capable of being 
produced by an element is given in Table 3.3. 


Table 3.3 Possible numbers of covalent bonds 


Element Number of covalent bonds 
Hydrogen (H) 1 

Chlorine (CI) and other halogens 1 

Oxygen (O) 2 

Sulphur (S) 2,4 0r6 

Nitrogen (N) 3, 4 or (5) 

Carbon (C) 4 or (2) 


(Note: brackets indicate a number that is possible but rarely occurs) 


Atoms of these and similar elemenis can combine with each other to form covalent 
molecules. Examples of covalent molecules are shown in Table 3.4. 


Table 3.4 Structure of covalent molecules 


Number of 
Compound Formula Structure covalent 
bonds 
H 
Methane CH, aF 4 
| 
H 
Water H,O H—O, 2 
`H 
Ammonia NH, H—N—H 3 
| 
H 
Sulphur dioxide SO, 0—S—0 4 
[9] 
Sulphur trioxide SO, Oc - 6 
Carbon dioxide CO o=c 4 
2 SS 
CI 
Tetrachloromethane | 
(carbon tetrachloride) CCl, Cl—C—cl 4 


Matter and the Mole 61 


3.5 Empirical and Molecular Formulas 


The chemical formulas Na*Cl- and CCl, represent quite different types of 
structure, but both show the ratio of the particles of the combining elements in the 
structure. A formula showing the ratio of the number of the respective atoms or 
ions in a compound is called an empirical formula. The formulas for all ionic 
compounds are empirical formulas, because they show the simplest ratio of the 
ions in the giant lattice. 

Tetrachloromethane (carbon tetrachloride) is composed of separate molecules 
and the formula CCl, is a molecular formula. It shows the actual number of atoms 
in one molecule of the compound. In this case the molecular formula and em- 
pirical formula are identical. 

The molecular formula of the gas ethane is C,H,, which shows that each 
molecule contains two carbon atoms covalently bonded to each other and to six 
hydrogen atoms: 


The ratio of carbon atoms to hydrogen atoms is 1:3, and the empirical formula is 
therefore CH. The molecule CH; does not exist. This empirical formula shows 
the simplest combining ratio of the elements hydrogen and carbon in this 
compound which has the molecular formula C;H,. 

Other examples illustrating the differences between empirical and molecular 
formulas are listed in Table 3.5. The relative molecular mass is shown for those 
compounds having molecular formulas. It is obtained by summing all the 
relative atomic masses of the individual atoms of which its molecules are com- 
posed. 

For example, ethane has a molecular formula C,H,; its relative molecular 
mass can be obtained by summing the relative atomic masses of two carbon atoms 
and six hydrogen atoms: 


CG, He 
(2x 12)+(6x 1) 
————— 

30 


Thus the relative molecular mass of ethane is 30. 


Calculation of Empirical and Molecular Formulas 

The masses of each element present in a compound can be obtained through 
experiment. These values are often expressed as percentages, or as the number of 
grams of each element contained in 100 g of the compound. The calculation of 
the empirical formula is similar to the calculations carried out in Experiments 3.1 
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Table 3.5 Molecular and empirical formulas 


Relative x 
Molecular Empirical 
Substance formal — oral 
Potassium eal 
nitrate K*NO; 
Magnesium y 
tecum Mg?*$0j 
"m 
Nitric acid H*NO; 
2+02- 
Calcium oxide Ca** 0 
Benzene CoH, (6 x 12)+(6 x 1) CH 
= 78 
Carbon dioxide co, 12+(2 x 16) CO; 
= 44 
Ethene C;H, (2x12)--(4x 1) CH; 
= 28 
Ethyne C,H, (2 12)-+(2x 1) CH 
= 26 


and 3.2. The following examples illustrate the calculation of both empirical and 
molecular formulas. 


Example 100 g of an oxide of sulphur contains 50 g of sulphur and 50 g oxygen. 


If the relative molecular mass of the compound is 64 and the relative atomic 


Masses of sulphur and oxygen are 32 and 16 respectively, calculate the empirical 
and molecular formulas of the oxide. 


Calculation 
Number of moles of sul 
Number of moles of ox 
^. 1:56 moles of sulph 


phur atoms is $9 — 1.56 
ygen atoms is #2 = 3.12 
ur atoms combines with 3.12 moles of oxygen atoms 
or 1 mole of sulphur atoms combines with 2 moles of oxygen atoms 


7; 6-02 x 10% atoms of sulphur combine with 2 X (6-02 x 10?) oxygen atoms 
^. 1 atom of sulphur combines with 2 atoms of oxygen 
The empirical formula is therefore SO,. 


The sum of the relative atomic masses of this empirical unit (SO;) E 
32+(2x 16) = 64, This is identical with the relative molecular mass of the 
compound, and hence the molecular Sormula is also SO,. 

AME 100 g ofa compound contains 32 8 of carbon, 4 g of hydrogen and 64 8 
9! oxygen. If its relative molecular mass is 150 and the relative atomic masses of 
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carbon, hydrogen and oxygen are 12, 1, and 16 respectively, calculate the em- 
pirical and molecular formulas. 


Calculation 

Number of moles of carbon atoms = 14 = 2:67 

Number of moles of hydrogen atoms = 1 -00 

Number of moles of oxygen atoms = $$ = 4-00 

<. 2:67 moles of carbon combines with 4-00 moles of hydrogen and 4-00 moles 
of oxygen 

We divide all of these values by the smallest (2:67) to obtain the simplest ratio. 

<. £61 moles of carbon combines with 499 moles of hydrogen and $$$ moles 
of oxygen 

+. | mole of carbon combines with 1-5 moles of hydrogen and 1-5 moles of oxygen 

(1x 6:02 x 1073) carbon atoms combines with 15x 6-02 x 10° hydrogen 
atoms and 1-5 x 6-02 x 107 oxygen atoms 

In simplest terms this would indicate that the ratio of carbon to hydrogen to 

oxygen atoms in the compound was | carbon: 1 -5 hydrogen: 1-5 oxygen. However, 

since it is impossible to have a fraction of an atom, the empirical formula must be 

a whole-number ratio. The simplest whole-number ratio is 2 carbon:3 hydrogen: 

3 oxygen, and thus the empirical formula is C,H;03. 


If this was the molecular formula, the relative molecular mass of the compound 
would be (2x 12)--(3 x 1) +(3 x 16) = 75. In fact the relative molecular mass is 
150, and therefore the molecular formula must be 2x (C,H303), which is 
C,H40,. 


3.6 Law of Conservation of Matter 


When a chemical reaction takes place the reacting substances (known as the 
reactants) are converted either wholly or partly into new substances (known as 
the products). During the process energy changes usually take place, but the total 
mass of the reactants and products remains the same. This is the Law of Conserva- 
tion of Matter. It can be verified experimentally in a number of ways, most of 
which involve weighing reactants in a closed vessel before chemical reaction takes 
place and then weighing the products afterwards: no detectable change is 
observed. 


3.7 Chemical Equations through Experiment 


A chemical equation summarizes the results of quantitative investigations into 
a chemical reaction. It indicates the number of moles of reactants used and the 
number of moles of products formed. For convenience chemical formulas are 
used instead of writing out chemical names. 

The following experiment illustrates the ‘mole-ratio’ method of determining 
the relative numbers of particles involved in chemical reactions. In this method, 
the concentration (number of moles) of one of the reactants (A) is kept constant 
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while the concentration (number of moles) of the other reactant (B) is varied, 
During the reaction some change in physical property is measured for each 
different concentration of B. This change may be the height of a precipitate, the 
volume of a gas liberated, the weight of solid produced, or any other measurable 
change, provided that uniform conditions are used for each set of measurements, 
The number of moles of B reacting with the fixed concentration of A can then be 
obtained from a graph, like that shown in Fig. 3.6. 


Moles of A fixed ot O2 


uo 
9 


A^ 
o 


w 
o 
xL 
s 
ES 


To 
o 


E 
ES 


Change being measured (arbitrary scale) 


L ka 1 
[9] 0! 02 03 O4 O05 06 
Number of moles of B 


Fig. 3.6 Graph illustrating the ‘mole-ratio’ method 


As B is added toa fixed a 
on the addition of 0-4 mole 
zontal portion on th 
unreacted. 


mount of A, the quantity of A used up increases mis 
Of B, all of A is reacted. This is indicated by the ko 
€ graph. Any further addition of B beyond 0:4 mole remai 


Thus 0-2 mole of A reacts exactly with 0:4 mole of B. 
^ 2 moles of A reacts exactly with 4 moles of B. 
-. 1 mole of A reacts exactly with 2 moles of B. 


Hence the equation for this reaction is 


1A+2B > products 


ysis of the Products 
Sary to complete th 


Further anal formed When 0:2 mole of A reacts with 0:4 mole 
of B is neces € equation 
Experiment 3. inati ; i í 
"n » f oa i 5 ir Determination of the relative numbers of lead(i1) ions reacting 
a NC rn the concentration of lead(it) ions is kept constant while the 
yellow P. a lodide ions is varied, The change measured is the height of the 
Pb* (NO; ate formed during the reaction. A solution of lead(it) nitrate 
37218 prepared by dissolving 1 mole of jt (331 g) in water and diluting 
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until the total volume is 1 dm? (1000 cm?): this is molar solution of lead(1) 
nitrate. (A molar solution is simply one which contains one mole of the sub- 
stance dissolved in one dm? of solution.) A molar solution of potassium iodide 
K*I' is also required. 

Two burettes are filled, one with the molar solution of lead(11) nitrate and 
one with the molar solution of potassium iodide. 2 cm? of lead(i) nitrate 
solution are delivered into each of six test tubes of uniform internal diameter. 
Potassium iodide solution is then added to each of the tubes in turn: 1 cm? to 
the first, 2 cm? to the second, 3 cm? to the third, and so on, 6 cm? being added to 
the sixth tube. Each test tube is shaken and allowed to stand for an equal length 
of time, until the yellow solid (the precipitate) has settled to the bottom of the 
tube and a clear liquid appears above it. The height of each precipitate is measured 
(see Fig. 3.7). 


Height of precipitate —— 


Volume of potassium 
iodide added 


Fig.3.7 The 'mole-ratio' method applied to the reaction between lead(n) 
ions and iodide ions. Pure water has been added to equalize the total 
volume in each tube 


Results 

*. 2 cm? of molar lead(11) nitrate reacts exactly with 4 cm? of molar potassium 
iodide 

*. 2000 cm? of molar lead(ir) nitrate reacts exactly with 4000 cm? of molar 
potassium iodide 

~. 2 moles of lead(i) nitrate reacts exactly with 4 moles of potassium iodide 

/. | mole of lead(11) nitrate reacts exactly with 2 moles of potassium iodide. 


Thus the equation for the reaction is 
Pb?*(NO3);*2K*l > products 


Analysis of the products shows the yellow precipitate to be lead(1) iodide 
(Pb?*I;) and the liquid above the precipitate to be potassium nitrate 
(K*NOs). Thus the full equation for the reaction is 
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Pb? * (NO3 zag + 2K + Taq) > Pb^* Izo H 2K* NO3 ag 


(The symbol (aq) is used to indicate th 


at a substance is in aqueous solution, 
while (s) indicates that it is a solid.) 


3.8 Writing Chemical Equations 


In theory it is possible to determine all chemical equations by experiment, but 
this would be very time-consuming. The following procedure provides a useful 
guide for balancing equations. ' 
First, write down the formulas for all the products and the reactants in the 
equation. These formulas are constant and cannot be changed. For example, the 
formula for one molecule of carbon dioxide is CO,, and in a chemical equation 
the formula of carbon dioxide must always be written as CO, or multiples of 
CO,, e.g. 2CO,, 3CO,, etc. 


Secondly, give a subscript to show whether the substance is a solid (s), a gas (8) 
a liquid (1), or dissolved in water (aq). 


Thirdly, count the number of particles of each element on either side of the 
equation. 


Finally, 
substance 
Substance. 
equation. 

To illustrate this procedure, let us 
urning in oxygen, and (b) methane b 


balance the equation by adjusting the number of particles of each 
on either side of the equation, without altering the formula for T 
Use the smallest number for each substance necessary to balance 


balance the equations for (a) magnesium 
urning in air. 


bi 


(a) When ignited, ma 


gnesium ribbon burns in oxygen with a dazzling 
white light. The white p 


owder produced in the reaction is magnesium oxide 
(Mg?*0?-). 
Step (i) 
Mg4-0, > Mg?^*o?- 

Step (ii) 

Mg, tOr > Mg?* Of, 
Step (iii) 
Number of Particles (atoms) on the left: one magnesium and two oxygen- 
Number of particles (ions) on the right: one magnesium and one oxygen. 
Step (iv) 


The equation is not balanced. In order 


magnesium oxide must be multiplied by 2, giving 2Mg?*O?-. Now the 


reactant magnesium must be multipli i i efor 
1 plied by 2 in order to balance this. Ther 
the balanced equation for this reaction is 1 i 


r 
to balance the oxygen the formula fo 


?Mg, +O > 2Mg'*oi 
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(b) When the gas methane burns it reacts with the oxygen of the air, producing 
heat, carbon dioxide and water vapour. 


Step (i) 
CH,+0, > CO -H;O 
Step (ii) 
CH gg) +02) ^ CO) -H;0, 
Step (iii) 


Number of particles (atoms) on the left: one carbon, four hydrogen and two 
oxygen. 

Number of particles (atoms) on the right: one carbon, two hydrogen and three 
oxygen (2 from CO, and 1 from H30). 


Step (iv) 

The equation is not balanced. The one carbon atom and the four hydrogen atoms 
in methane would produce, respectively, one carbon dioxide molecule and two 
water molecules: 


CH) + Or > CO; 2H;0 


Now balance the oxygen. There are four oxygen atoms in the products, therefore 
the reactants must also have four oxygen atoms, i.e. 202. 
Therefore the balanced equation is 


CH yg) + 2026) > CO2@) +220) 


3.9 Information given by an Equation 
Consider the following balanced equation: 
Hag t Cl > 2HClg 


This equation tells us that one mole of gaseous hydrogen reacts with one mole of 
gaseous chlorine to produce two moles of gaseous hydrogen chloride. In general, 
any balanced chemical equation contains the following information: 

(a) the reactants and the products; 

(b) the relative number of moles of each product and each reactant ; 

(c) the physical state of the reactants and products. 


However, a balanced equation does not tell us: 
(i) the conditions necessary for the reaction to take place; 
(ii) the concentration of the reactants; 
(iii) the reaction rate, i.e. how quickly the reaction proceeds; : 
(iv) the extent or completeness of the reaction, ie. whether or not all the 
reactants will be converted into products; 
(Y) the mechanism by which the reaction takes place; 
- (vi) the energy changes which occur during the reaction. 
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Consider the following balanced e 


quation for the reaction between magnesium 
metal and hydrochloric acid: 


Mg, -2H*Cl;,, > Mg?^*CI Zag +H 


2(g) 

This equation does not tell us that the reaction is spontaneous when the mag- 
hesium is added to the acid; that the reaction is rapid if the acid is concentrated, 
or give any indication of the rate or extent of the reaction. There is no suggestion 
in the equation as to the mechanism by which the reaction proceeds, nor any 
evidence that heat is produced as the magnesium dissolves. 


3.10 Calculations involving Reacting Masses 


The chemist in industry is constantly using chemical equations to calculate 
reacting quantities. A chemist needs to know, for example, the amount of raw 
materials that must be obtained for the manufacture of a specified amount of 
product. The method of calculation is the same whether the reaction is complex 

or simple, and is illustrated in the following discussion. , 
The soap industry requires large quantities of sodium hydroxide (caustic 
soda). This used to be manufactured by the Gossage process, in which calcium 
hydroxide suspended in water (milk of lime) was shaken with a solution of 
sodium carbonate (washing soda). The precipitate of calcium carbonate po 
filtered, leaving sodium hydroxide in solution. The equation for this reaction 18$ 
Ca** (OH), + Na} CO%,,) > Cart G02, +2Na*OHa 


(aq) 

. : : f 
f calcium hydroxide reacts with one moa 
One mole of calcium carbonate and two mole 


elative atomic masses are Ca = 40, O = l6 
H = 1, Na = 23, and C = 12. Hence 


one mole of Ca?* (QR ~)2 has a mass of 404 21641) = 74 grams 
one mole of Na? CO? - has a mass of (2x23)--124-(3 x 16) 

= 106 grams 
One mole ot Ca2* CO? paca mass of 404-12--(3 x 16) = 100 grams 
one mole of Na* OH - has a mass of 23-- 164-1 — 40 grams 


Ca?* [3 E = atOH, 
SES E] ar Na1CO$,, > Ca?*CO$; 4 2Na"OHag, 


i i M 
74 g combines with 106 to give 100 gand 2x40g 


-product of the reaction. 


E: 4 
nia ois c heats a mixture of iron filings and sulphur to produce ir on(t) 
BM of iron will react with 10 g of sulphur, and what mass of 
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iron(11) sulphide will be formed? Relative atomic masses of iron and sulphur are 
56 and 32, respectively. 


Solution The balanced equation for the reaction is 


Fey) +S > Fe?* S 
56 32 ©, 56+32 
LA 


88 


<. 56 g iron reacts with 32 g sulphur to produce 88 g iron(i) sulphide 
<. $$ g iron reacts with 1 g sulphur to produce —— $2 giron(m) sulphide 
*. $$ « 10 g iron reacts with 10 g sulphur to produce 38 10 g iron(u) sulphide 


Thus the reacting mass of iron is $$x 10 = 17-5 g, and the mass of iron(i) 
sulphide formed is $$: 10 = 27-5 g. 


Summary of Unit 3 


1. Relative atomic mass is the mass of one atom of the element compared with 
one-twelfth the mass of one atom of carbon (70). 

2. A mole is that amount of substance which contains Avogadro’s number 
(6-02 x 1023) of particles, whether they be atoms, ions or molecules. 

3. A chemical formula uses symbols to show the numbers of the atoms of the 
elements contained in one molecule or smallest portion of a compound. 

4. The empirical formula for a compound gives its elements written in their 
smallest whole-number ratio. 

5. The molecular formula shows the actual number of atoms in one molecule 
of the compound. 

6. The law of constant composition states that all pure samples of the same 
chemical compound contain the same elements in the same proportion 
by mass. 

7. Anionic compound results from a combination of ions such that the resulting 
giant structure has no overall charge. The names of ionic compounds are 
based on the oxidation numbers of the elements in the compound. 

8. The formula for a covalent compound is determined by the electron structure 
of the elements in the compound. 

9. The law of conservation of matter states that during a chemical reaction the 
total mass of the reactants and products remains the same. 

10. A chemical equation is a representation of a chemical reaction using symbols. 

11. A balanced equation containing state symbols indicates the relative number 
of moles of each reactant and each product and the physical states of these 
reactants and products. 

12. A balanced equation is used to calculate reacting quantities. 
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Test Yourself on Unit 3 


1. 14-34 g of an oxide of lead was heated in a stream of dry hydrogen. 1242 gof 
lead was obtained. Relative atomic masses of oxygen and lead are 16 and 207, 
respectively. 

(a) How many grams of oxygen were present in the oxide? 

(b) Calculate the number of moles of oxygen atoms. 

(c) Calculate the number of moles of lead. 

(d) How many moles of oxygen atoms were combined with 1 mole of lead? 

(e) Write down the formula of the oxide of lead used in this experiment. 


2. Give the formula for the following compounds: 
(a) sodium carbonate 
(b) iron(u) sulphate 
(c) zinc nitrate 
(d) aluminium hydroxide 
(e) silver chloride 
(f) potassium sulphite 


3. Name the following compounds: 
(a) Na* HSO; 
(b) Fe?* (NO;), 
(c) Mg^* o?- 
(d (NH4), S?- 
(©) Hg?* s03- 


4. A hydrocarbon contains 14-3% by mass of hydrogen and has a relative 
molecular mass of 28. If the relative atomic masses of hydrogen and carbon are 
1-0 and 12.0, Tespectively, calculate the molecular formula of the compound. 


5. Molar solutions of silver nitrate [Ag* NO; assi ee 
and of potassium chr 
ate(v1) [K$ CrO3~] were pre j ` 4 


ared. The fi i i ere shaken in 
MAS p: e following mixtures w 


ee 
` Volume of silver Volume of potassium Volume 

nitrate solution chromate(v1) of 
solution water 
(a) 2 cm? 3 
6) 7 Eu 3 em Tem. 
(c) "rai 3cm 6 m. 
(d) 5 ini 3 cm? ns 
© e 3 cm? 4 e 
0 7 cm? 3em* : = 
(g) 8 em? 3cm? 2 em 

3cm? 1 cm 
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After centrifuging the precipitates of silver chromate(vi) for the same length 
of time the height of the precipitate in each tube was measured and the results 
plotted as follows: 


"T 
lor 


o5r 


Height of precipitate (cm) 


jor epeEspe quis 
(0) 1- 2 * 485 S 


Volume of M silver nitrate added (cm?) 


(i) How many cm? of M silver nitrate react exactly with 3 cm? of M 
potassium chromate(v1)? 

(ii) How many moles of silver nitrate react exactly with 1 mole of potassium 
chromate(v1)? 

(iii) Write a balanced equation for the reaction. 

(iv) Why did the height of the precipitate stay constant in solutions (e), (f) 
and (g)? 


6. Iron(m) sulphate solution reacts with sodium hydroxide solution to give a 
red-brown precipitate of iron(m) hydroxide. The following equation is not 
balanced: 


Fei*(SO2 ),-- Na*OH- > Fe?*(OH ),-- Na? S04- 


(a) Which set of state symbols is most suitable? 
i) (aq), (aq), (aq), (aq) 
(i) (aq), (aq), (s), (s) 
(ii) (s), (s), (S), (8) 
(iv) (aq), (aq), (s), (aq) 
(v) (aq), (s), (aq), (aq) 
(b) Which set of numbers is most suitable to balance the equation? 
© 2,6,2.3 
(i) 1, 3, 1, 


72 Success in Chemistry 


7. 1:3 g of zinc was added to an excess of copper(t) sulphate solution: 
Zi +Cu* SO, — Cu, -Zn?* SOZ,, 


If the relative atomic masses of copper and zinc are 63:5 and 65:0, respectively, 
what mass of copper would be produced? 
(a) 1:3 g, (b) 65 g, (c) 635 g, (d) 1-27 g, (e) 1-5 g 


Mark this test out of 30 with the answers provided on page 371. 


Unit Four 


Patterns in Gaseous Matter 


General Gas 
Low 


Relative Relat: 
molecular CALCULATIONS jana 
nsity 
moss 


Molar 
volume 


Gay-Lussoc's Law 
of Combining Volumes 


Avogadro's Law 


We have now seen how a chemical reaction may be represented by an equation, 
and how equations may be determined from the masses of the reactants and 
Products. In this Unit we shall extend the discussion to reactions which involve 
gases, 

With gases it is much easier to measure the reacting volume rather than the 
reacting mass, Unfortunately, the volume of a gas alone is insufficient to express 


the amount of matter present: it is necessary to know also the pressure and 
temperature of the gas. 


4.1 Compressing Gases: Boyle’s Law 


Unlike Solids and liquids, gases are easily compressible. This is apparent when a 
tyre is inflated: a large amount of air is compressed into a small space; if the valve 
'S opened, or the tyre punctured, the air will expand into the atmosphere. 

. The effect of Pressure on a fixed amount of gas at constant temperature is 
illustrated in Fig. 4.1. 

The values of pressure and temperature in Fig. 4.1 are such that the product of 
Pressure and volume gives the same result in each case: 


1x60 = 2x30 = 3x20 
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1atmosphere 


2 atmospheres 
3 atmospheres 


Fig.4.1 Variation of pressure on a fixed mass of gas at constant temperature 
( Boyle's law) 


stant 
Repeated experiments suggest that, for any fixed mass of gas at a ben 
temperature, the product of pressure and volume is constant. So we ca 


PiX V, = p.xV,=p3xV3 etc. 


where V, is the volume of the fixed mass of gas at a pressure p,, and V; is Ils 
volume at a different pressure Pz a Ae 
The volume of a fixed amount of gas decreases as the pressure is inas A 
increases as the pressure is decreased. Robert Boyle (1627-91) made quanti dn 
measurements on the variation of gas volume with changes of penc 
formulated a law now named after him. This is Boyle's law and can be stat 


: an ; 'essure 
follows: the volume of a given mass of gas is inversely proportional to the pr 
upon it, provided the temperature remains constant. 


Using symbols, Boyle's law can be expressed as 


1 
Væ- 


p 


J is its 
where V is the volume of a fixed mass of gas at constant temperature, p " 
Pressure and oc means ‘is proportional to’. In the more useful form of an equal 


we can write this as 
pV — a constant 
where the constant varies according to the units of V and p. 


4.2 Heating and Cooling Gases: Charles" Law 


j on 
There are three different temperature scales in common use. These are based 0 
two constant temperatures 


di- 
: the melting point of pure ice under normal co? 
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tions, and the temperature of steam from water boiling at atmospheric pressure 
101 325 N m-?(Pa) = 1 atmosphere = 760 mm of mercury). 

On the Celsius (or centigrade) scale the ice point is given the value 0 °C and the 
steam point the value 100°C, while on the Fahrenheit scale these values are 
32°F and 212°F, respectively. 

The Kelvin scale is used when describing the variations of gas volume with 
change in temperature. When a gas is heated it expands, and when cooled it 
contracts. J. A. C. Charles (1746-1823), a French physicist, discovered that the 
volume of a fixed mass of gas increases (or decreases) by 343 of its volume at 
0°C for every Celsius degree rise (or fall), the pressure remaining constant. As 
a gas is cooled, therefore, its volume will become less and less until at —273°C 


Fahrenheit Centigrade Kelvin 
(Celsius) 
Boili int 
oof pter ----Hai2^F----- 100°c----- 373 K 
Freezing pant . aap m te ee 273 K 
of water 
Horr =17-8°C 255-2 K 
A H 
bsolute __.Al_gso°r ---L.-273*C --- Uo K 


zero 


Fig. 4.2 Relationship between the Fahrenheit, Celsius and Kelvin tempera- 
ture scales 


it would theoretically be zero. (In practice all gases liquefy before this temperature 
15 reached.) By this reasoning —273 °C must be the lowest temperature possible; 
it was therefore given the name absolute zero. On the Kelvin scale the value of 
absolute zero is 0 K, the ice point is 273 K and the steam point is 373 K. Thus 
to convert Celsius to Kelvin simply add 273 to the Celsius temperature. 

The relationship between the Celsius, Fahrenheit and Kelvin temperature 
Scales is illustrated in Fig. 4.2. 

Fig. 4.3 illustrates the way in which the volume of a fixed mass of gas varies 
as the temperature is increased, pressure being constant. 
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1 atmosphere 


1 atmosphere 


| 


1 atmosphere 


1638 cm? 
1092 cm? 
oc 273°C 546°C 
(i.e. 273 K) (i.e. 546 K) (i.e. BIS K) 


Fig. 4.3 Variation of temperature on a fixed mass of a gas at constant 
pressure ( Charles' law) 


These variations suggest that the volume divided by the temperature 
(measured in kelvins) always gives the same value: 


546 1092 1638 
273 546 819 


Charles’ work on gases can be summarized as follows: the volume of a fixed mass 


SE "m is 
of gas varies directly as the Kelvin temperature, pressure remaining constant. Th 
is known as Charles? law. 


Using symbols, Charles’ law can be expressed as 


VaT 


where V is the volume of a fixed mass of gas at constant pressure and T b E 
Kelvin temperature. In the more useful form of an equation we can write this 


V — a constant x T 


V 

or 
m = a constant 
E 


For a fixed mass of gas the ratio of volume to temperature, measured in kelvins, 
must be constant at constant pressure. Thus 


ies T, etc. 


Where V, is the volume of the fixed mass of gas at a temperature T, K, and Vos 
Its volume at temperature T, K. 
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4.3 The Combined Gas Law 


Boyle's law and Charles’ law can be combined in the expression 


PV Và _ P33 


Ha etc 

T, T, T; 
Thus, for a given mass of gas, the volume multiplied by the pressure and divided 
by the temperature measured in kelvins is a constant. This result is known as the 
‘combined gas law’ or ‘general gas law’. 


4.4 Standard Conditions 


The combined gas law is generally used by chemists to calculate gas volumes. It is 
convenient to be able to compare all gas volumes at one particular temperature 
and one particular pressure. 

A standard temperature of 273 K (or 0°C) and a standard pressure of 101 325 
N m^(Pa) (or 1 atmosphere or 760 mm of mercury) have been selected. 
These conditions are known as Standard Temperature and Pressure, usually 
abbreviated to STP. 

The determination of gas volumes at STP is important in chemical reactions 
involving gases because it enables us to obtain information concerning the molar 
quantities reacting. Let us look at the following conversions. 


Example A student finds that the volume of carbon dioxide liberated during a 
chemical reaction is 65 cm3, measured dry at 20°C and 100 kPa pressure. 
What will the volume of carbon dioxide be at STP? 


Calculation The temperatures must always be converted into kelvins: 
20°C = (273+20)K 
= 293K 


Now we can apply the combined gas law, 


DiXVa s Bass V; 
T, T, 


Where p4, V, and T, apply to the conditions of the experiment (i.e. p; = 100 
kPa, V, = 65 cm? and T, = 293 K) and pz, V; and T, apply to the standard 
conditions (i.e. p, = 101.3 kPa and T; = 273 K). 

In order to calculate V,, the unknown volume at STP, we isolate V; in the 
above equation: 
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Substituting the given data in this new equation, we have 

100 , 273 
101-3 293 
= 59-78 cm? 


V = 65 cm? x 


Rounding off to the nearest whole number (since the initial volume was given as 
a whole number), the volume at STP will be 60 cm? (Answer). 


4.5 Relative Molecular Masses 


It has been shown that the relative molecular mass of a gas is calculated by 
summing the relative atomic masses of the individual atoms in each molecule of 
the gas. For example, the relative molecular mass of the gas sulphur dioxide 
(SO,) is 

32+(2x 16) = 64 


The relative molecular mass of a gas expressed in grams is the mass of one mole 
of the gas. Let us calculate the volume of one mole of gas under standard con- 
ditions. This can be achieved if the density of the gas is known. Density is mass per 
unit volume under standard conditions of temperature and pressure. If the unit 
of mass is the gram, then the volume is measured in cm? ; if the mass unit is the 
kilogram, then the volume is measured in m?. 


Example What is the volume of one mole of hydrogen? 


Calculation The density of hydrogen gas (H,) is (-08988 kilograms per cubic 
metre (kg m 7), or 0-000089 88 g cm, and the mass of one mole is 2:016 g- 


density = 2S 
volume 
Rearranging this density formula, we have 


ma 
volume = E 


density 
Therefore the volume of 2-016 g of hydrogen at STP is 


2016 — , 
0-000089 8$ ^" 


= 22430 cm? 
Th $ 
TM TS mole of hydrogen at STP occupies a volume of 22 430 cm?. 


occupied by one mole of other t STP can be similarly 
calculated and are shown in Table 4.1. E 6g 
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Table 4.1 Molar volumes of common gases 


Volume of one 
Gas Formula Density Density moleai STP 
gcm^? kgm^? cm? 

Hydrogen H; 0-000 089 88 0-089 88 22430 
Helium He 0-000 178 46 0-178 46 22430 
Nitrogen N, 0-001 250 51 1-250 51 22400 
Oxygen 0: 0-001 428 98 1-428 98 22390 
Fluorine F; 0-001 696 1-696 22400 
Neon Ne 0-000 899 9] 0-8999] 22430 
Carbon monoxide co 0-001 25003 1-25003 22410 
Carbon dioxide co, 0-001 976 96 1:976 96 22260 
Molar Volume 


It will be seen from Table 4.1 that one mole of any gas occupies approximately 
the same volume at STP as one mole of any other gas. This volume 22 400 
cm? is called the molar volume (Vm). It is normally expressed at STP, but the 
molar volume would have a constant value (not necessarily 22 400 cm?) for 
all gases at any fixed temperature and pressure. 


Calculation of Relative Molecular Mass 
The concept of molar volume leads to a simple and effective method for 
finding relative molecular masses. 


Example 0-56 g of a gas has a volume of 448 cm? at STP. Calculate the relative 
mass of the gas. 
Calculation 
448 cm of gas at STP has a mass of 0-56 g 
“Lem of gas at STP has a mass of $$$ g 
“ 22.400 cm? of gas at STP has a mass of $$$ x 22400 g = 28 g 
Thus the relative molecular mass is 28. 


46 Avogadro's Law 


b. now know two important facts about one mole of any gas: 
(a) its volume at STP is 22 400 cm? (Vin) 
(6) it contains 6-02 x 1023 molecules. 
two facts are summarized in Avogadro's law, which states that equal 
volumes of all gases under the same conditions of temperature and pressure contain 
Same number of molecules. 


/ 
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This law was first put forward in 1811 as a hypothesis by Amadeo Avogadro, 
an Italian physicist (see Section 3.1). A hypothesis differs from a law in that it 
refers to concepts which are incapable of direct experience. Since Avogadro could 
not count the number of molecules in a given volume of gas, his hypothesis only 
became a law when this was possible. 

Avogadro presented his hypothesis partly as a result of his consideration of 
Gay-Lussac’s law of combining volumes (1808), which states that the volumes of 
gases taking part in a chemical change, either as reactants or products, bear a 
simple numerical relation to one another, provided that all measurements are made 
under the same conditions of temperature and pressure. Gay-Lussac’s law can be 
illustrated by the following experimental results: 


(a) One volume of hydrogen reacts with one volume of chlorine to give two 
volumes of hydrogen chloride. 

(b) Two volumes of hydrogen react with one volume of oxygen to give two 
volumes of steam. 


(c) Three volumes of hydrogen react with one volume of nitrogen to give twa 
volumes of ammonia. 


(d) One volume of oxygen reacts with solid sulphur to give one volume of 
sulphur dioxide. 


The law applies to all reactions in which gases take part and it will be observed 


that the volumes of the gaseous substances are in the ratios of small whole 
numbers. 


Consider reaction (a) above: one volume of hydrogen reacts with one volume 
of chlorine to give two volumes of hydrogen chloride. Let one volume of gas 
contain n molecules, then, by Avogadro's law: 

n molecules of hydrogen react with n molecules of chlorine to give 2n molecules 

of hydrogen chloride. 


Therefore 1 molecule of hydrogen reacts with 1 molecule of chlorine to give 
2 molecules of hydrogen chloride. 


5 If we assume that molecules of hydrogen and chlorine each contain two atoms, 
then: 


2 atoms of hydrogen react with 2 atoms of chlorine to give 2 molecules of 

hydrogen chloride. 

Therefore 1 atom of hydrogen combines with 1 atom of chlorine to give 
1 molecule of hydrogen chloride. From this we can conclude that one molecule 


of hydrogen chloride contains one atom of hydrogen and one atom of chlorine, 
i.e. its formula is HCl. 


Consider reaction (c) above: three volumes of hydrogen react with one volume 


of nitrogen to give two volumes of ammonia. Let one volume of gas contain 7 
molecules, then, by Avogadro’s law: 
3n molecules of hydro, 


k gen react with n molecules of nitrogen to give 2n mole- 
cules of ammonia. 


Therefore 3 molecules of hydrogen react with 1 molecule of nitrogen to give 
2 molecules of ammonia 
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If we assume that molecules of hydrogen and nitrogen each contain two atoms, 
then: 
6 atoms of hydrogen react with 2 atoms of nitrogen to give 2 molecules of 
ammonia. 
^. 3 atoms of hydrogen react with 1 atom of nitrogen to give 1 molecule of 
ammonia. 
From this we can conclude that one molecule of ammonia contains three atoms 
of hydrogen and one atom of nitrogen, i.e. its formula is NH;. 


These two examples illustrate the use of the laws of Avogadro and Gay-Lussac 
in deducing the formulas for gaseous molecules. 


4.7 Relative Density 


The relative density (or vapour density) of a gas is defined as the mass of a given 
volume of a gas compared with the mass of an equal volume of hydrogen measured 
under the same conditions of temperature and pressure. 

From a consideration of Gay-Lussac's law of volumes and Avogadro's law 
it can be shown that the relative molecular mass of a gas (or vapour) is equal to 
twice its relative density. 


mass of V cm? of gas 
mass of V cm? of hydrogen 


Relative density 


(provided that both masses are measured under the same conditions of tempera- 
ture and pressure). 


From Avogadro's law we know that V cm? of any gas contains the same 
number of molecules (say n molecules) as V cm? of hydrogen. Therefore 
mass of n molecules of gas 
mass of n molecules of hydrogen 


Relative density 


. mass of 1 molecule of gas 
mass of 1 molecule of hydrogen 


dia the relative molecular mass of the hydrogen molecule is 2 (approximately), 
we have 


relative molecular mass of gas 
2 


Relative molecular mass of gas — 2 x relative density 


Relative density — 


or 


Pod oe relative molecular mass is numerically equal to twice the relative 
biis $ sing this result we can determine the relative molecular mass of a gas, 
Ex € liquid or a volatile solid simply by measuring its relative density. 
Pxample The relative molecular mass of a gas was determined using the following 
information: 

ass of a glass sphere evacuated of air 


ass of a glass sphere filled with an unknown gas 


102-325 g 
104-281 g 


ll 
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Mass of a glass sphere filled with hydrogen at the same 


temperature and pressure = 102-415 g 
What is the relative molecular mass of the gas? 


Calculation 

Mass of unknown gas = 1-956 g 
Mass of hydrogen = 0-090 g 

<. relative density of unknown gas = 1338 = 21-7 
-. relative molecular mass = 2x21-7 


= 43-4 (Answer) 


4.8 Gas Calculations 


The following worked examples are intended to show how the chemist makes us 
of the gas laws discussed in this Unit. 


Example 4.1 Calculate the volume of carbon dioxide formed (a) at STP, (b) at 
20°C and 99-3 kPa pressure, when 5 g of calcium carbonate is strongly heated 
until no further gas is evolved. The relative atomic masses of calcium (Cà), 
carbon (C) and oxygen (O) are 40, 12 and 16, respectively. 


Calculation 
(a) The equation for the reaction is: 

Ca?*CO3;, heat, Ca? tO} - CO; 

45-139 12-216) 
+12+(3 16) eee, 
100 44 

<. 100 g of calcium carbonate gives 44 g of carbon dioxide. 3 
But 44 g is the mass of one mole of carbon dioxide and occupies 22 400 cm 
at STP. 


`. 100 g of calcium carbonate gives 22 400 cm3 of carbon dioxide at STP 
*. 1 g of calcium carbonate gives a 


cm? of carbon dioxide at STP 


`. 5 g of calcium carbonate gives zm 


X 5 cm? of carbon dioxide at STP 


"5 g of calcium carbonate give 1120 cm? 


Thus the volume of 
bonate — 1120 cm? 


of carbon dioxide at STP 
carbon dioxide at STP liberated from 5 g calcium caf- 
(Answer). 

(b) In order to conve 


Tt the volume at STP to the volume at 20°C and 993 
kPa Pressure, the ge 


neral gas law 


PV, P: V2. 
p 7; is used. 


At STP: Pı = 101-3 kPa, V, — 1120 em?, T, = 273 K 
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At 20°C: p; = 99:3 kPa, V; = unknown, T; = 20+273 = 293 K. 


Pı Ti 
<. Vi = V xx 
3 à p; Ti 
101-3 kP; 
V, = 1120 cm? x O0L3kPa 293K 


993kPa 273K 
= 1226 cm’. 


Thus the volume of carbon dioxide at 20°C and 99-3 kPa pressure is 1226 
cm? (Answer). 


Example 4.2 Calculate the volume of gas remaining at 120°C when 100 cm? of 
hydrogen is mixed with 100 cm? of oxygen and ignited. 


Calculation Since all volumes are measured at the same temperature and pressure, 
there is no necessity to use the gas laws. Also water is present as a gas at 120°C. 
The equation for the reaction is: 


2H + Org > 2H20%) 


2 molecules 1 molecule 2 molecules 
2n molecules 1n molecules 27 molecules 


This can be converted to a volume relationship using Avogadro's law: 

2 volumes of hydrogen react with 1 volume of oxygen to give 2 volumes of 

steam. 

Relating this to the actual gas volumes: either 

(i) 100 cm? of oxygen would react with 200 cm? of hydrogen to give 200 cm? 

steam, 
or 

(ii) 100cm? of hydrogen would react with 50cm? of oxygen to give 

100 cm? steam. 

It will be noted in (i) that 200 cm? of hydrogen is required but only 100 cm? is 
available. Thus alternative (ii) is relevant, and (100—50) cm? = 50 cm? of 
Oxygen is unused. 

At the end of the experiment the gas mixture would therefore consist of the 
steam formed (100 cm?) and the excess oxygen (50 cm?). Thus the total volume 
of gas at 120°C is 150 cm? (Answer). 


Examp le 4.3 The first stage in the manufacture of sulphuric acid involves 
urning sulphur with oxygen in the air to produce sulphur dioxide. A plant 
esigner needs to know the volume of sulphur dioxide produced at 1 

atmosphere pressure and 500°C when large quantities of sulphur are burned. 

e this volume for 50 kg of sulphur. The relative atomic masses of 

Phur and oxygen are 32 and 16, respectively. 
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Calculation 
The balanced equation for the reaction is: 

Si) + O29) > SO; 

32 32+(2 x 16 

+( ) 
64 

<. 32 g sulphur produces 64 g sulphur dioxide. 
Step 1: calculate the volume of sulphur dioxide at STP. 


64 g (1 mole) of sulphur dioxide occupies 22 400 cm? at STP 
^. 32 g sulphur produces 22 400 cm? sulphur dioxide at STP 


2 
-. 1 g sulphur produces 2 


cm? sulphur dioxide at STP 


2 
^. 50000 g (50 kg) sulphur produces EW 


x 50000 cm? sulphur dioxide at STP 
= 35x 10$ cm? 


— 35m? 


Step 2: convert this volume at STP toa volume at 1 atmosphere and 500°C using 
the general gas law 


Pı Vı 2 V; 
T, T, 


ll 


At 500°C: p, = 1 atmosphere, V, = ?%, T, = (5004273) = 773 K 
AtSTP: p,—1 atmosphere, V, — 35 m?, T,—273K 


y, 22a, T, 
T, p 
Llx35m* 773 
Mod qq 


— 99:1 m? (Answer) 


Note: the volume of oxy, 


gen used would also be 99-1 m? at 1 atm pressure 
and 500°C, 


Summary of Unit 4 


1. The Yolime of a gas varies with temperature and pressure. 
2. Boyle 5 law states that the volume of a fixed mass of gas is inversely propor- 
"E to the pressure upon it, provided the temperature retains constant: 
Va- . 
p 


10. 
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. The volume of a fixed mass of gas varies directly with temperature measured 


in degrees kelvin, pressure remaining constant: Voc T. 


. Absolute zero is the lowest attainable temperature and is zero on the 


Kelvin scale (0 K). 


. STP (standard temperature and pressure) is 273 K and 101 325 Pa (1 


atmosphere). 


. One mole of any gas occupies approximately the same volume (22400 cm?) 


at STP. 


. Avogadro's law: Equal volumes of all gases under the same conditions of 


temperature and pressure contain the same number of molecules. 


. Gay-Lussac’s law: The volumes of gases taking part in a chemical change 


(either as reactants or products) bear a simple numerical relationship to one 
another, provided that all measurements are made under the same con- 
ditions of temperature and pressure. 


. Relative density of a gas is the mass of a given volume of a gas compared with 


the mass of an equal volume of hydrogen under the same conditions of 
temperature and pressure. 
Relative molecular mass of a gas is equal to twice its relative density. 


Test Yourself on Unit 4 


1. If the pressure on 100 cm? of air is halved, will its volume (at the same 
temperature) be: 


(a) 50 cm?, (b) 1000 cm?, (c) 200 cm?, (d) 25 cm?, (e) 100 cm?? 


2. A gas has a volume of 27-3 cm? at 0?C. What would its volume be at 10°C if 
the pressure remained unchanged? 
(a) 273 cm3, (b) 2:73 cm, (c) 283 cm?, (d) 28-3 cm, (e) 37:3 cm? 


3. 840 g of sodium hydrogencarbonate was heated until its mass remained 
constant. The white residue, sodium carbonate, had a mass of 5.30 g. In a 
separate experiment 0-005 mole of sodium hydrogencarbonate was treated 
with excess dilute hydrochloric acid. The volume of dry carbon dioxide cor- 
rected to STP was 112 cm?. The relative atomic mass of hydrogen is 1, of 
carbon is 12, of oxygen is 16 and of sodium is 23. Use the above information 
to answer the following: 


(a) What fraction of a mole of sodium hydrogencarbonate has a mass of 
8-40 g? 

(b) What fraction of a mole of sodium carbonate has a mass of 5:30 g? 

(c) How many moles of sodium hydrogencarbonate are required to pro- 
duce 1 mole of sodium carbonate on heating? 

(d) Write a balanced equation for this reaction. 

(e) How many moles of gas were collected in the second part of the 
experiment? 

(f) Does the answer to (e) agree with the following equation: 


Na*HCO5,,- H* Cla, > Na*Cla, + CO2q + H20 ey 
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4. Calcium reacts with water as shown in the following equation: 
Cau --2H;,0, — Ca?*(OH- )2ag + Hayy) 


What volume of hydrogen measured at STP would be liberated when 8g of 
calcium reacts with excess water? The relative atomic mass of calcium is 40. 
(a) 4480 cm? (b) 2240 cm? (c) 1120 cm? (d) 0-4 cm? (e) 0:2 cm? 


5. A gas cooker burns pure gaseous methane to form carbon dioxide gas and 
water vapour according to the equation 


CHa +2024) — CO; --2H;0, 


When 32 g of methane burns: 
(a) How many moles of water are produced? 
(b) How many molés of carbon dioxide are produced? 
(c) What is the volume of this carbon dioxide at STP? 


(d) What volume of oxygen at STP is required to burn the methane? 
(Relative atomic masses: C — 12, H — 1) 


(g) 


; . ioxi d 
6. The hydrocarbon butane C,H burns in oxygen to give carbon dioxide an 
water vapour only. 


(a) Write a balanced equation for this reaction. 


(6) Calculate the minimum volume of oxygen needed for the complete com- 
bustion of 100 cm? of butane. 


(c) Calculate the volume of gaseous products formed by the complete com- 
bustion of 100 cm? of butane. 


Assume all gas volumes are measured at the same temperature and pressure. 
7. In an experiment to determine the relative molecular mass of an unknown 
hydrocarbon, the following results were obtained: 

Mass of evacuated flask = 84-640 g 

Mass of flask filled with nitrogen = 84.920 g 


Mass of flask filled with hydrocarbon = 85-420 g 
Volume of flask = 240 cm? 


(Relative atomic mass of nitrogen — 14) 


All observations were made at room temperature and pressure. 
(a) Calculate the number of moles of nitrogen. 


(b) What is the volume Occupied by 1 mole of nitrogen under these experi- 
mental conditions ? 


(c) What is the relative molecular mass of the unknown hydrocarbon ? 


Mark this test out of 20 with the answers provided on page 372. 


Unit Five 


Matter and Electricity 


[EFFECT OF ELECTRICITY ON MATTER | 


Electrolytes 


Electrochemical 
series 


Electrochemical 
cells 


The faraday 


Quantitative 
electrolysis 


Competition for 
electrons 


It has already been established in Unit 2 that matter is electrical in nature. Would 
we therefore expect matter to be affected by an electric current? 

In answering this question, Unit 5 explores the effects of electricity on different 
types of matter and interprets the information in terms of ions and electron flow. 
Quantitative studies lead to the determination of the relative charges on ions. 

Investigations into simple electrochemical cells develop the concept of an 
‘activity series’ for the elements, and first ideas and applications of an electro- 
chemical series follow from the cells investigated. 


5.1 The Effect of Electricity on Matter 


(a) Solids 
The circuit shown in Fig. 5.1 can be used to test the conductivity of different 
solid materials. 

The source of electricity is arranged to give 6 volts: it can be a laboratory 
low-voltage supply, a dry cell, or a battery pack. 

An ammeter (or a torch bulb) is used to detect the flow of an electric current. 
Two test probes (electrodes) made of graphite are used to test materials (two 
steel nails are an acceptable substitute). When the probes are touched together 
the circuit is completed, and the presence of a current is indicated by a reading on 
the ammeter, or the torch bulb becoming illuminated. Various solid materials 
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Ammeter (or torch bulb) 


Material under test 
+ de -= 


Supply 


Material under test 
Fig. 5.1 Circuit used to test the electrical conductivity of solids 


are then placed as shown in Fig. 5.1 in contact with both probes, to find out 
whether they are conductors or non-conductors (insulators) of electricity. A 
Current will be observed only if the material is a conductor. Some typical results 
are shown in Table 5.1, 

With the exception of graphite, good conductors could almost all be classified 
as metals. The most distinctive property of metals is their high electrical 
conductivity, 

The fact that metals conduct an electric current is in agreement with their 
Structure, which we discussed in Section 2.11. Metals are regarded as having a 
sea of mobile electrons Surrounding positive nuclei, and it is these mobile 
electrons which give rise to electrical conductivity. An electric current, i.e. 2 


Table 5.1 Conductivity of solids 
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Solid conductors 


Solid insulators 


1. All metals 


1. Most non-metals 


e.g. iron e.g. sulphur 

copper phosphorus 

lead iodine 

aluminium diamond 

sodium etc. 

potassium 

etc. 2. Most solid compounds 

(graphite, a non-metal, is an e.g. sodium chloride 
exception) lead(it) bromide 


copper(i) sulphate 
potassium iodide 
naphthalene 
paraffin wax 
plastics and rubbers 
sugar 

etc. 


flow of electrons, in a conductor causes no change in the chemical nature of the 


conductor. 


Non-conductors do not possess these mobile electrons and therefore do not 


conduct an electric current. 


(b) Liquids 


Liquids are tested directly; solid non-conductors are heated until they first melt 


before testing. 


The apparatus required is shown in Fig. 5.2. It is similar to that used with solids, 
except that the two probes are mounted in an insulating support at a set distance 


apart and the materials are tested in a crucible. 


+ de = 
Supply 


‘Material under test 


Heat if necessary 
Fig. 5.2 Apparatus used in testing the effect of electricity on liquids 


Ammeter 


"EZZZA Support (insulated) to maintain probes 
at set distance apart 
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Table 5.2 Conductivity of liquids 


Conductors Electrolytes Non-electrolytes 


l. Mercury,the only — 1. All ionic compounds in 1. Covalent liquids 


common liquid the fused (molten) state e.g. tetrachloromethane 
metal at room e.g. molten sodium (carbon tetra- 
temperature chloride chloride) 
molten lead(u) benzene 
bromide petrol 
molten potassium 
iodide 
molten sodium 
hydroxide 
2. All molten metals 2. Covalent substances in 
e.g. molten lead the fused state 


e.g. molten plastics 
molten sulphur 


Table 5.2 classifies the conductivity of liquids in three groups: : 
() those that pass an electric current and are not decomposed by it 
(conductors) 
(ii) those that pass an electric current and are decomposed by it (electrolytes) 
(iii) those that do not pass an electric current (non-electrolytes). 


(c) Solutions in Water 


Water does not appear in Table 5.2 although it is a covalent liquid. It does not 
readily fit into any of the three Categories because it is a slight conductor. 
Because of its polar nature (see Unit 2) water is a very good solvent, particularly 
for ionic compounds. The conductivity of various substances dissolved in water 
can be classified as shown in Table 5.3. It will be noted that electrolytes are either 
weak or strong according to the ease with which they pass an electric current, and 


Table 5.3 Conductivity of aqueous solutions 


Strong electrolytes Weak n-— lytes — Non-electrolytes 


1. Solutions of ionic compounds 


e.g. ethanoic acid Solutions of most 
e.g. sodium chloride solution (acetic acid) covalent compounds 
potassium iodide solution aqueous e.g. sugar solution 
copper(11) chloride solution ammonia starch solution 


etc, 


2. Substances which react with water to 
produce ions 
*.g. hydrogen chloride gives 
hydrochloric acid with water 
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therefore it is necessary to use an ammeter in the circuit to differentiate them. 
A large deflection on the ammeter indicates a strong electrolyte, whereas a small 
deflection shows a weak electrolyte. 


(d) Gases 
Gases do not conduct an electric current under normal conditions. 


5.2 Decomposition of Substances by an Electric Current 


We have seen that metals and graphite conduct electricity without any change, 
whereas molten electrolytes and those dissolved in water are decomposed when 
a current flows through them. How do we account for this decomposition? 


(a) Molten Electrolytes 

Let us consider the action of electricity on lead(11) bromide. Lead(i) bromide is a 
white crystalline salt which has the advantage (for our present purpose) of a 
relatively low melting point, but in fact any other ionic salt would give similar 
results. Testing the salt in an apparatus like that of Fig. 5.2, we find that no current 
flows while the lead(1) bromide remains a solid. As soon as it melts current flows 
and bubbles of red-brown bromine gas can be seen at the anode, i.e. the electrode 
connected to the positive side of the battery. After heating is discontinued, current 
continues to flow until the liquid solidifies. A bead of metallic lead is found at 
the cathode, i.e. the electrode connected to the negative side of the battery. 

Can these observations be explained in the light of our knowledge about ionic 
solids such as lead(n) bromide? Solid lead(11) bromide consists of dipositive lead 
ions and negative bromide ions arranged in a rigid crystal-lattice framework. 
On heating lead(it) bromide, the ions vibrate more and more violently as the 
temperature rises. At a particular temperature, the melting point, the vibration 
becomes so strong that the crystal lattice is destroyed and the ions become free to 
move. The positively charged lead(m) ion is attracted towards the negative 
cathode, where it loses its positive charge by gaining two electrons to become a 
lead atom. The collection of many of these lead atoms results in the formation of 
a bead of lead. At the same time negative bromide ions are attracted towards the 
positive anode, where they each lose one electron to become bromine atoms. 
Two such reactive atoms combine immediately to produce molecules of red- 
brown bromine gas. For electrical neutrality it is necessary for two bromide ions 
to be discharged for every one lead ion. 


Electrode Reactions 
(a) CATHODE: Pb?* --2e > Pbo 


(b ANODE: 2Br-—2e— m 
2Br > Brag) 
Such a process, where an electrolyte is decomposed by an electric current, is 
called electrolysis. 
The electrolysis of molten electrolytes liberates metals at the cathode and 
non-metals at the anode. This is summarized in Fig. 5.3. 
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+ dc - Flow of electrons 


4 


Anode (positive) | 4— Cathode (negative) 


Flow of negative 
Onions 
eg 2Br^ 


Flow of positive 
Cations Big 
eg. Pb?* 


Molten metol solt 
e.g. lead(m) bromide 


Fig.5.3 Particle flow during electrolysis 


(b) Solutions of Electrolytes in Water ; 
When ionic solids dissolve, the process can be pictured as the removal of ions 
from the crystal lattice by molecules of water. Once the ions become surrounded 
by water molecules, i.e. become h ydrated, they are free to move. A water molecule 
is polar, having an electrical imbalance (Fig. 2.18), and it is this imbalance which 
causes the formation of hydrated ions, as shown in Fig. 5.4. 
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Thus aqueous solutions of electrolytes possess electrical conductivity because 
of these mobile hydrated ions. Electrolysis of aqueous solutions results in the 
formation of metals and hydrogen at the cathode, and non-metals at the anode. 
Water itself produces a few hydrogen and hydroxide ions 


H;0, > Hag +OH a) 


These ions play an important part in the electrolysis of aqueous solutions and 
are often liberated at the electrodes. We will consider this effect in more detail in 
Section 5.10. 

In metals electrons move independently, but in solutions and melts they move 
only as constituents of ions. An electron leaving a wire or electrode to enter a 
solution must become associated with a cation at the cathode. An electron 
leaving a solution or melt must come from an anion at the anode. These processes 
occur simultaneously whenever current flows. 


5.3 Movement of Ions during Electrolysis 


What evidence is there to show that ions actually move towards the electrodes 
during electrolysis? The following experiments provide visual confirmation for 
this movement of ions. 


Experiment 5.1 Demonstration of the mobility of ions 

A strip of filter paper about 3 x 8 cm is completely moistened with a little dilute 
potassium nitrate solution and placed on a clean dry watch glass. The paper 
is then connected to a source of direct current (d.c.) of about 15 volts, using 
à pair of crocodile clips as shown in Fig. 5.5. 


+ do = 
ric 
(15 volts) 


Watchglass 
Filter paper strip 
soaked in 
potassium 
nitrate 


ile clip 


Blue zone due to hydrated 
copper (11) ions 


Yellow zone due to 
chromate(vn) ions 


Suspension of copper(m chromote(VI) in potassium 
nitrate solution 


Fig.5.5 Movement of copper (11) and chromate(vi) ions 
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A suspension of yellow copper(11) chromate(v1) in potassium nitrate solu- 
tion is placed in the centre of the filter-paper strip. After a short while the 
blue colour of the hydrated copper(m) ion Cup is seen to move in the 
direction of the cathode, while the yellow chromate(vi) ion CrOQ; moves 
towards the anode. 

The experiment can be repeated using other coloured water-soluble ionic 
crystals such as potassium manganate(vil) (potassium permanganate) 
K*MnO,;, nickel(11) chloride Ni?*Clz, cobalt(11) nitrate Co?" (NO3), etc. In 
each case the coloured ion or ions move to the appropriate electrode. 


Experiment 5.2 Demonstration of the movement of hydrogen ions and hydroxide 
ions 

This experiment provides evidence for the movement of colourless ions by allow- 
ing them to react with a coloured dye (bromothymol blue) solution as they move 
towards the electrodes. Hydrogen Hj ions produce a yellow colour while 
hydroxide OH, ions produces a blue colour when reacting with bromothymol 
blue. 

A dilute solution of potassium nitrate containing K(q) and NOs ions 
with a few Hi, and OH ions from the water, is warmed and then stirred 
with a little gelatin. When the gelatin is completely dissolved a little bromothymol 
blueis added until the solution hasa pronounced green colour. The warm liquid is 
then poured into a narrow U tube until it is 2-3 cm from the top of each limb, 


coude: = 
Supply 


[Potassium nitrate solution 


Blue band proving presence |. 


dies 
Yellow band proving presence of Hija) ons 
of Haq) ions 


Gel of bromothymol blue, potassium nitrate 
and gelatin 


Fig. 5.6 Apparatus for showing the movement of Hg, ions and OH qq) ions 
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and allowed to set. Potassium nitrate solution is poured on top of the gel (jelly) 
to fill both sides of the tube. Two unreactive (e.g. platinum or carbon) electrodes 
are placed in the colourless potassium nitrate solution, one in each limb of the U 
tube, as shown in Fig. 5.6. 

On connecting to a direct-current (d.c.) supply of about 50 volts, a yellow band 
appears above the gel at the cathode and a blue band appears above the gel at the 
anode side of the U tube. This shows that Hi, ions are moving towards the 
cathode and OH, ions are moving towards the anode. 


5.4 The Faraday 


An electric current, the flow of electrons round a circuit, is measured in units 
called amperes, often abbreviated to amps. The quantity of electricity passing 
when a current of 1 amp flows for 1 second is called a coulomb. Thus when / amps 
flow for t seconds the quantity of electricity is Zx t coulombs. 


(a) Quantitative Electrolysis of Lead(11) Bromide 

When molten lead(11) bromide is electrolysed, lead is formed at the negative 
cathode and bromine at the positive anode. Is there any relationship between the 
mass of lead formed and the quantity of electricity passed through the melt? In 
order to answer this question we need to modify the circuit used in Fig. 5.2 by 
introducing a rheostat (a variable resistor). This enables a steady current to be 
maintained during the electrolysis. 

The melt is cooled after the passage of a known quantity of electricity, enabling 
the bead of lead to be extracted, cleaned and weighed. Comparison of various 
masses of lead produced by known quantities of electricity shows that the mass of 
lead produced is proportional to the quantity of electricity flowing. Thus if 
twice the current is passed, twice the amount of lead is liberated. In general it is 
found that the mass of a substance liberated during electrolysis is proportional to 
the quantity of electricity flowing. This is often referred to as Faraday’s first law of 
electrolysis. 


(b) Quantitative Electrolysis of Aqueous Solutions 

Electrolysis of aqueous solutions usually leads to the liberation of hydrogen or a 
metal at the cathode. If we electrolyse silver nitrate solution using silver elec- 
trodes, and copper(i) sulphate solution using copper electrodes, silver and 
Copper are deposited at the respective cathodes. See Fig. 5.7. 


Experiment 5.3 Determination of the mass of silver and copper liberated by the 
same quantity of electricity 
InFig. 5.7, R isa rheostat with the aid of which the current iscontrolled so that the 
ammeter A shows a steady reading. 

The clean dry cathodes are weighed and then connected as shown. Beaker 
X contains dilute silver nitrate solution with silver electrodes, while beaker Y 
Contains dilute copper(11) sulphate solution with copper electrodes. A steady 
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* de = R 
source 


Ammeter 


Ò 


E 


Silver Copper 
electrodes electrodes 
ae 


C7NNNNNNNNNNNNNNNNN, 


j the 
Fig.5.7 Determination of the masses of silver and copper liberated by 
same quantity of electricity 


current (maintained at a constant value by adjustment of the she Oe 
through the solutions for a known length of time (0-2 amps for 30 Yes rdinpit 
be appropriate). The electrodes are removed from the solution, washed pice to 
in a beaker containing distilled water, and air-dried. Great care must be 

ensure that metal is not lost from the electrodes. 


Results 


Mass of silver cathode before experiment — 2:054 g 
Mass of silver cathode after experiment — — 2:457 g 
mass of silver deposited = 0-403 g 


Mass of copper cathode before experiment — 6:430 g 
Mass of copper cathode after experiment = 6-549 g 
mass of copper deposited = 0-119 g 


: ce 
passed through both solutions for 30 minte 
(in coulombs) which passed was (0-2 amps) X ( 


A current of 0-2 amps was 
the quantity of electricity 
seconds) = 360 coulombs. 
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Calculation 
In order to calculate the number of coulombs of electricity required to liberate 
107-9 g of silver, i.e. one mole of silver, the results of this experiment can be used 
in the following way. 
By experiment: 

0-403 g of silver is liberated by 360 coulombs 
<. 107-9 g of silver is liberated by xS x 107-9 coulombs 

= 96 390 coulombs 

Repeated experiments suggest that an accurate value for the quantity of 
electricity required to liberate one mole of silver is 96 487 coulombs. This quantity 
is called the faraday. Thus one faraday of electricity liberates one mole of silver. 

A similar calculation enables us to find the number of coulombs required to 
liberate 1 mole (63-54 g) of copper. 

0-119 g of copper is liberated by 360 coulombs 


~. 63:54 g of copper is liberated by ni x 63:54 coulombs 
— 192200 coulombs 


This value, 192 200 coulombs, is approximately two faradays. Thus two faradays 
of electricity are required to liberate one mole of copper under the conditions of 
the experiment. 

Within the limits of experimental error it is found that the quantity of electricity 
required to liberate one mole of any element is never less than one faraday: it is 
pee either exactly one faraday or a whole-number multiple (2, 3 or 4) of one 
araday. 


5.5 Quantity of Charge on an Ion 


One faraday is the least quantity of electricity that will liberate one mole of any 
metal from a solution or melt of its ions. Since an electron is the least possible 
quantity of electricity, we may assume that one faraday is one mole of electrons 
(thinking of electrons as charges rather than as particles). In the deposition of one 
mole of silver at a cathode during electrolysis one faraday is required. Therefore 
one mole of silver ions reacts with one mole of electrons to produce one mole of 
silver atoms. Thus one silver ion reacts with one electron to produce one silver 


atom: 
Agio te > Agw 
Two faradays are required to liberate one mole of copper from a solution 
Containing copper(i) ions. Thus by similar reasoning one copper(n) ion will 
Teact with two electrons to produce one copper atom: 
Cuz 42e > Cu 
Thus the number of faradays required to liberate one mole of any element tells us 
the charge on the ion of that element. 


98 Success in Chemistry 


5.6 Faraday’s Laws of Electrolysis 


We have found in Sections 5.4 and 5.5 that 

(i) The mass of substance liberated during electrolysis is proportional to the 
quantity of electricity flowing. 

(ii) The liberation of one mole of any element during electrolysis requires an 
integral number of faradays, i.e. 1, 2, 3, or 4. 

These conclusions are known as Faraday’s laws of electrolysis. 


5.7 An Electrochemical Cell 


The electrodes, electrolyte solution and container used in our electrolysis ex- 
periments constitute an ‘electrochemical cell’. Is it possible to construct such a 
cell in which, instead of a current decomposing chemicals, chemicals react to 
produce an electric current? Towards the end of the eighteenth century, Luigi 
Galvani and Alessandro Volta acquired fame by their discovery that this is indeed 
possible. Volta found that electricity was produced by chemical reaction between 
two different metals, and made the first practical battery. 

The two metals used by Volta in his battery were copper and zinc. It can be 
shown by experiment that if copper is added to zinc sulphate solution no 
reaction takes place, whereas if zinc is added to copper(i) sulphate solution 
the blue colour of the hydrated copper(m) ion gradually disappears and à 
reddish brown sludge of copper is deposited. 


Equations 
Cu,,--Zn?* SOc — no reaction 


Zn, Cu?* SO? > Cu, - Zn?* SO2,. 


4(aq) 


The reaction above can be explained in terms of electron loss and gain. Each 
atom of zinc loses two electrons to each copper ion in the solution: 


Zn > Zn?* 42e 


reaction in which electrons are lost !5 
reaction in which electrons are gained is called 
transfer of electrons, an electric current is not 
are able to flow from the zinc through a pim 
ons in solution. A chemical device for creating à 


x and a more Satisfactory partition is the porous pot 
iu in the Daniell cell (Fig. 5.9). (This cell is described here because it helps 
in the understanding of the way in which chemical cells operate. It is not à 
practical cell in everyday use. 


-) 
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Voltmeter 


Copper (1) sulphate 
solution 


Zinc 
Zinc plate sulphote 2+ 2 
ee dnd caution Copper plate (Cu** + 2e — Cu) 
Cardboard partition 


Fig. 5.8 A simple primary cell 


The zinc rod in the Daniell cell gradually dissolves as atoms of zinc lose 
electrons to become zinc ions. These electrons pass through an external wire 
circuit to the copper container where copper(m) ions from the copper(II) 
sulphate solution are converted into metallic copper. Copper(1) sulphate 


Copper container 


Copper(m) sulphate 


Zinc sulphate 
(saturated solution) 


solution 


Copper(m) sulphate (crystals) 


Porous pot container 


Fig. 5.9 The Daniell cell 


100 Success in Chemistry 


crystals are present to maintain a saturated solution. A voltmeter connected 
across the terminals of the cell registers 1-1 volts. This voltage, recorded when 


there is no current flowing, is known as the electromotive force (e.m.f.) of the 
cell. 


A shorthand notation has been developed for a cell: by convention, the 
half-cell in which oxidation occurs (zinc in this case) is written on the left- 
hand side and the half-cell in which reduction occurs (copper in this case) is 
written on the right-hand side (remember: reduction on the right). For the 


cell illustrated in Figs. 5.8 and 5.9 this notation, termed a cell diagram, would 
thus be: 


Zn) Znjaa) | | Cui) Cui 
1 1 t t 
metal aqueous solution salt bridge aqueous solution metal 
terminal in contact with or porous in contact with terminal 
metal terminal pot metal terminal 


By using different combinations of metals in a suitable electrolyte (often a 
solution of the metal salt), it is possible to construct a variety of electrochemical 


cells delivering different voltages. How can we account for these different 
voltages? 


5.8 Competition for Electrons 


The half-reactions in the Daniell cell are 


aud Zne) — Znj + 2e 
Cue, --2e > Cu 


These half-reactions can be viewed as a competition between two kinds of metal 


atoms for electrons. In this case zinc atoms are the more reactive and their 
tendency to lose electrons is greater than that of copper. 


Experiment 5.4 Investigation of electrochemical cell reactions 

A 250 cm? beaker is almost filled with 0-1 M copper(i) sulphate solution and 
a similar beaker is filled with 0-1 M silver nitrate solution. A silver rod is 
placed in the silver nitrate solution and a copper rod in the copper(11) sulphate 
solution. The circuit is connected as shown in Fig. 5.10a. A glass U tube 
containing potassium nitrate solution provides electrical contact between the 


two solutions. This is called a salt bridge. The U tube is plugged with cotton 
wool to prevent mixing of the solutions. 


Observations 


As soon as the circuit is complete a current is recorded on the ammeter, and the 
direction of this current shows that the flow of electrons through the circuit 1S 


from the copper to the silver. The copper rod dissolves and the silver rod grows 
by deposition of silver atoms. 
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| | Rheostat 


Electron flow 
*Soltbridge' of 
Electron Potassium nitrate 
flow solution 
Silver rod H- Copper rod 


Silver nitrate solution opper(i) sulphate 


solution 


Cotton wool plug 
Fig.5.10a Investigating the reactions which occur in an electrochemical cell 


In a similar cell to that in Fig. 5.102, using 0-1 M zinc nitrate and 0:1 M 
copper(II) sulphate, the electron flow in the circuit is from zinc to copper. 
Zinc dissolves and copper is deposited on the copper plate. 

The voltages of these two cells can be measured using a voltmeter, see Fig. 
5.10p. 


Voltmeter 


© 


Electron flow Electron flow 


‘Salt bridge" 


Silver rod YY Copper rod 


Copper(i) sulphate 
solution 


Silver nitrate 
solution 


Cotton wool plug 
Fig. 5.10b Measuring the voltage produced by an electrochemical cell 
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In the copper/silver cell the electron flow indicates that copper metal has a 
greater tendency to lose electrons than silver metal. Thus the reaction 


Cu > Cu + 2e 
will occur more readily than the reaction 
Ags) > Ag te 
In the copper/zinc cell the electron flow indicates that the reaction 
Zn) > Zn~d) + 2e 
will occur more readily than the reaction 
Cu, > Cui + 2e 


We have thus established a reactivity series for the elements zinc, copper and 
silver. It is 


Zn) > Zn * 2e 


Cu, > Cui * 2e 


increasing 
reactivity 


Ago > Agüg te 


From our list we would expect that a cell constructed from zinc and silver 
would react to produce zinc ions and silver metal. This is indeed so. Cell 


Table 5.4 The electrochemical series 


Name Half-reaction Standard reduction potential 
volts 

Potassium Kágte- Kg —2:92 

Calcium Caf) + 2e + Ca —2:87 

Sodium Nagte + Nag) —271 

Magnesium Mgjaa) + 2e > Mg —2:34 

Aluminium Alaig) + 3e > Al) — 1-67 

Zinc Znàà * 2e > Zne) —0:76 

Iron(n) Feka + 2e + Feu —0:44 

Tinn) Sng) + 2e + Sno —0:14 increasing 

Lead(11) Pbi + 2e > Phy) —0:13 ease of 

Hydrogen 2H fig) + 2e > Hig) 0:00 reaction 

Copper(r) Cuk +2e + Cur) +0:34 (more 

Hydroxide ion 2H20,) + Or) + 4e + 4OH( +0-40 positive 

Iodide ion Lo + 2e > 2I 40:54 potential) 

Silver Agáq) te > Agi +0:80 

Mercury(11) Hg) 2e > Hgo +085 

Bromide ion Bray 2e + 2Brõa + 1:06 

Chloride ion Clay) + 2e > 2Claa) +1:36 

Gold Auág te > Aug + 1-68 

Sulphate ion S0, + 2e + SORD *1:90 


Fluoride ion Fag + 2e + 2Fi) +287 


Matter and Electricity 103 


voltage indicates the tendency for a reaction to occur: the greater the voltage, the 
more likely the reaction. One would expect the cell voltage for the zinc/silver 
cell to be greater than either the zinc/copper or copper/silver cells. This is also 
true. The reactivity series for all the elements is called an electrochemical series. 


5.9 The Electrochemical Series and Reduction Potentials 


The reactions taking place in a cell can be expressed in terms of two half-reactions 
intwohalf-cells. In one half-cell electrons are lost: this is the oxidation half-reaction. 
In the other half-cell electrons are gained : this is the reduction half-reaction. When 
combined, these two half-reactions express the overall reaction in an oxidation- 
reduction or redox reaction. In all such reactions the number of electrons lost is 
equal to the number of electrons gained. 

It is impossible to measure the actual voltage (e.m.f.) for any half-cell by itself 
because both half-cell reactions occur simultaneously. Chemists have adopted the 
quite arbitrary method of choosing the Aydrogen half-reaction 


2Hġa + 2e > Haye) 


and calling its e.m.f. zero when the effective concentration of hydrogen ions is 
one mole in 1000 g of water at 25°C. This serves as a standard for comparing 
other half-cell e.m.f.s. These values can be positive or negative according to 
whether the half-reaction is more likely (in which case it is positive) or less likely 
(in which case it is negative) to take place than the hydrogen half-reaction. The 
em.fs. of these half-reactions can be termed reduction potentials and a list of 
such potentials is called the electrochemical series, see Table 5.4. 


5.10 Using the Electrochemical Series 


Positive e.m.f. values in the electrochemical series (Table 5.4) indicate that 
the half-reaction will readily occur. The greater this positive value, the more 
readily the half-reaction will occur. Thus fluorine will form fluoride ions 
(reduction potential + 2-87 V) more readily than chlorine will form chloride 
ions (reduction potential + 1-36 V). 

Similarly the reduction of potassium ions to potassium metal (—2:92 V) 
will be much more difficult than the reduction of zinc ions to zinc metal 
(70776 V). The converse of this is also true, in that potassium metal will 
form potassium ions much more readily than zinc metal will form zinc ions. 

We say that fluorine is more reactive than chlorine, and that potassium is 
more reactive than zinc. 


(a) Predicting the Voltage of a Cell 


Consider the Daniell cell (see Section 5.7) in-which there are two possible 
half-reactions: 


Half-reaction e.m.f. 
Znj + 2e > Zn) —0:76V 
Cui + 2e Cus) +0:34V 


104 Success in Chemistry 


The reduction reaction with the most positive e.m.f. is more likely, that is, 
copper ions will be reduced to copper metal. Thus zinc metal must also be 
oxidized to zinc ions for complete reaction. In any cell there must always be 
a reduction half-reaction and an oxidation half-reaction. 

The cell diagram is constructed with the oxidation half-reaction on the left- 
hand side and the reduction half-reaction on the right: 


Zn | Zn& || Cufaay | Cui 


The e.m.f. of such a cell is always calculated: 


e.m.f. (cell) = e.m.f. (right-hand-side) — e.m.f. (left-hand-side) 
= [40:34 — (-0:76) V 
=+110V 


Note: 


(i) The cell reaction is obtained by adding the oxidation half-reaction to the 
reduction half-reaction: 


Zn) — Zna + 2e Oxidation 
Cuag + 2e —5 Cu) Reduction 
Adding: Zn) + Cuaj— Zná + Cue) Cell reaction 


(ii) Electrons do not appear in the overall cell reaction. 
(iii) A positive value for the e.m.f. indicates that the cell will operate in the 
direction indicated by the overall cell reaction. 


(iv) This calculated value for the e.m.f. (1-10 V) agrees with the measured 
value. 


Another cell we have considered was the copper/silver cell: 


Half-reaction emf. 
Cui) + 2e > Cu) 034 V 
Agia + e> Ago +0-:80 V 


The reduction half-reaction (the one with the most positive e.m.f.) must be: 


Agág + e > Ago 
Hence the oxidation reaction must be: 


Cus > Cuki + 2e 
The cell diagram would thus be: 


Cuis | Cu&i || Ago | Ago 
and its e.m.f. is given by: 
e.m.f. = e.m.f. (right-hand-side) — e.m.f. (left-hand-side) 
+0-80 — 0:34 
046 V 
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Note: 
(i) The cell reaction is obtained by adding the oxidation half-reaction to 


the reduction half-reaction. 


Cus; — Cua + 2e Oxidation 
2 x [Agia + €— Agw] Reduction 


Adding: Cus) + 2Agág — Cuka + 2Agi Cell reaction 


(ii) As no electrons must appear in the overall cell reaction, the silver half- 
reaction needs to be doubled. 

(iii) The e.m.f. of the silver half-reaction remains +0-80 V, because this 
does not depend upon how many moles we consider: 


Agág + € > Ages) e.m.f. = 40:80 V 
2A gii) + 2e + 2Agy) e.m.f. = +0-80 V 


(iv) The e.m.f. of the cell, +0-46 V, shows that the cell reaction proceeds 
spontaneously in the direction indicated. 


(b) Predicting Chemical Reactions 
The electrochemical series can be used by a chemist to predict not only cell 
reactions, but also what chemical reactions can occur spontaneously. 


Suppose we wish to know whether any reaction will take place if an iron 
pen-knife blade is dipped into a solution of copper(11) sulphate. 


The half-reactions are: 


Feàa + 2e > Fes) e.m.f. = — 0:44 V 
Cui + 2e + Cu e.m.f. = + 0:34 V 


En us that it is easier to reduce Cuĝġ ions to copper metal (greater 
positive em.f) than it is to reduce Fed ions to iron metal. Therefore copper(1) 


ions . are p 
bs are reduced to copper metal and iron metal must be oxidized to iron(1!) 


Cuka + 2e > Cu Reduction 
Fe — Fed + 2e Oxidation 


Adding: Cu + Fey) Cus + Fed Cell reaction 


(c) Selective Discharge of Ions 


Es Zh for the fact that when an aqueous solution of sodium 
at the eig ectrolysed using inert platinum electrodes, hydrogen is liberated 
Predict which spe ii at the anode? The electrochemical series helps us to 
diff. on is capable of accepting or yielding an electron when several 


erent i 
nt ions may be present at an electrode. 
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Sodium hydroxide solution 


Oxygen (1 volume) 


Hydrogen (2 volumes) 


Platinum anode Platinum cathode 


(Gvolts) 


Fig. 5.11 The Hofmann voltameter 


(i) Let us consider the electrolysis of sodium hydroxide solution in a se 
voltameter (Fig. 5.11) where the electrodes are made of platinum and ta 


part in the reaction. 


Tons at the cathode 
Naga) from the Na* OB 
Hà from the water 


Cathode reaction 

The possible half-reactions are either 
Nagy +e > Nag, 

(e.m.f. = —2-71 volts) 

or 

2Haq + 2¢ > Hy) 

(e.m.f. = 0-00 volts) 

The second alternative (evolution of 
hydrogen) has the more positive (i.e. 
less negative) e.m.f. and is therefore 


more probable than the deposition of 
sodium. 


Net result 


Tons at the anode 
OH, from the Na* OH; 
OH, from the water 


Anode reaction " 
Since only OH,,, ions are present t 
only possible reaction is the evolution 
of oxygen: 

40H Gq > 2H20,1) + Ox + 4€ 


4Há, + 4e > 2H2 and 40H Gq) > 2H2Ou) + Org + 4e 
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(The cathode half-reaction is doubled so that electron gain at the cathode 


balances electron loss at the anode.) 


Thus two moles of hydrogen are produced for each mole of oxygen. 


(ii) Let us now consider a case where the electrodes are not inert. During the 
electrolysis of copper(tt) sulphate solution using copper electrodes, copper is 
deposited at the cathode and the anode dissolves. 


Ions at the cathode 
2 
Cui) 
Hg, from the water 


Cathode reaction 
The possible half-reactions are either 
Cu --2e > Cu 
(e.m.f. — --0-34 volts) 
or 
2Há,-2e > Hat 
(e.m.f. = 0-00 volts) 
The first alternative (deposition of 
copper) has the more positive e.m.f. 
and is therefore more probable than 
the evolution of hydrogen. 

So copper is deposited. 


Net result 


Tons at the anode 
SOR 
OH, from the water 


Anode reaction 
Three half-reactions are possible: 
SOifaq) + SO, + 2e 
(e.m.f. = —1-90 volts) 
or i 
4OHaa > 2H20(, + Org) + 4e 
(e.m.f. = —0-40 volts), 
or 
Cu > Cut) + 2e 
(e.m.f. = —0-34 volts) 
The third alternative (dissolution of 
copper) has the most positive (i.e. 
least negative) e.m.f. and is therefore 
the most probable. 

So copper dissolves. 


Cufag) + 2e—> Cus and Cu) —> Cuki + 2e 


Copper is deposited at the cathode and the same amount of copper dissolves 
from the anode; the concentration of the solution remains unchanged. This 
ux is the basis for the purification of crude copper, described in Section 


Pss that if the electrodes are inert, e.g. platinum, hydroxide ions are 
ischarged at the anode and the solution loses its blue colour.) 


5.11 Cells in Everyday Use 


= cells we have considered so far suffer from two major disadvantages: they 
Not easily recharged and, since they contain liquids, they are difficult to 


tr n A 
ATE The two most important cells in everyday use each overcome one of 
these difficulties, 


(@) The Dry Cell 


‘Ae dry cell (or torch battery) is a primary cell which is cheap to produce and 


Contai ae ; : 
jak no dangerous liquids. It is sealed and the reactive substances are present 
© lorm of pastes (see Fig. 5.12). 
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Brass conducting cap 


Material to seal 
the battery 


JA 


Carbon (graphite) rod 


M 


Paste of mangonese (IV) oxide 
and graphite 


Paste of ammonium chloride 
and zinc chloride 


|-*— Zinc case 


^" 


a 


Fig. 5.12 The torch battery or dry cell 


In the centre of the cell is a graphite rod which serves as the positive electrode. 
This is surrounded by a paste of manganese(1v) oxide and graphite, which is 
itself surrounded by a paste of ammonium chloride and zinc chloride. The rod 
and pastes are contained in a zinc case which acts as the negative electrode. 

The chemical reactions taking place within the cell are complex and produce 
an e.m.f. of 1-5 volts. As these reactions are irreversible, the dry cell cannot be 
recharged. It is found that the life of the cell is increased if it is used intermittently. 


(b) The Lead Storage Cell 


Although this secondary cell contains a corrosive liquid (moderately concen- 
trated sulphuric acid), its outstanding advantage is that it can be recharged 
because the two half-reactions in the cell are reversible. Six of these cells 


constitute a motor-car battery delivering 12 volts. Fig. 5.13 shows part of the 
lead storage cell. 


Lead grill I 
filled with filed cand 
lead(v) oxide 


spongy lead 


Sulphuric acid 


Fig. 5.13 Part of a lead storage battery 
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The positive plate isa lead grill filled with lead(1v) oxide, while the negative plate 
consists of a similar lead grill filled with spongy lead. The grills are immersed in 


sulphuric acid. 
During discharge of electricity from the cell, the two half-reactions are: 


Pb, +SO3,,) > Pb?* SO; --2e 
Pb**O21c--SO2 c, -- AH, H-2e > Pb?*SO2;5--2H;0« 


Adding: Pb, -- Pb** O2: 4H, --2802,,, > 2Pb^* SO2;--2H;0q 


White lead(it) sulphate is deposited on the metallic lead and the sulphuric 
acid becomes more dilute. 

The two half-reactions described can be reversed by applying a suitable 
voltage to the terminals of the cell. When a car engine is running, the 
dynamo produces a greater voltage than that produced by the battery, and 
electrical energy is forced back into the cells. During this recharge white 
lead(it) sulphate dissolves and sulphuric acid is produced: 


2Pb?* SO25--2H;0 > Pb, -- Pb** 03,5 +4H i, +2802,,) 


The specific gravity of the sulphuric acid is a measure of the effectiveness of 


the recharge. Fig. 5.14 illustrates the process of charge and discharge in the 
lead storage cell. 


Dynamo 


Q Electrons 


Sulphuric Sulphuric 
acid acid 
becomes becomes 


more 
dilute 


more 
concentrated) 


Reactions during discharge of electric Reactions during charge by the dynamo 
Current 


Fig. 5.14 Charging and discharging processes in the lead storage battery 
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Summary of Unit 5 


i 
2 
3; 
4. 


$. 
. The decomposition of an electrolyte by an electric current is called 


20. 


Substances are either conductors or non-conductors (insulators) ot electricity. 
The most distinctive property of metals is their high electrical conductivity. 
Liquids may be classified as (a) conductors, (b) electrolytes and (c) non- 
electrolytes. 

An electrolyte is a substance which when molten or in aqueous solution will 
conduct an electric current and be decomposed by it. 

An electric current is a flow of electrons. 


electrolysis. 


. During electrolysis anions travel towards the positive anode, while cations 


travel towards the negative cathode. 


. Cations are discharged at the cathode by electron gain, whereas anions are 


discharged at the anode by electron loss. 


. Quantity of electricity is measured in coulombs (coulombs = current in 


amps x time in seconds); 96487 coulombs is one faraday. 


. The mass of substance liberated during electrolysis is proportional to the 


quantity of electricity flowing. 


. The liberation of one mole of any element during electrolysis requires an 


integral (whole) number of faradays, i.e. 1, 2, 3 or 4. 


. A faraday is one mole of electrons. 
. An electrochemical cell uses chemical reaction to produce a flow of 


electrons in a circuit. 


. The reactions taking place in a cell can be expressed in terms of two 


half-reactions in two half-cells. 


. The half-reaction in which electrons are Jost is called oxidation, while that in 


which electrons are gained is called reduction. 


. The e.m.f. of the cell indicates the tendency for a reaction to occur. 
. The e.m.f. of reduction half-reactions (or oxidation half-reactions) can be 


obtained by comparison with the hydrogen half-reaction, for which the 
e.m.f. is arbitrarily assigned a value of zero under stated conditions. 


. The electrochemical series is a list of reduction potentials obtained from 


the reduction half-reaction. It lists the elements in order of reactivity. 


- The electrochemical series can be used (a) to calculate the voltage of a cell, 


(b) to predict whether or not a chemical reaction will occur spontaneously, 
(c) to explain the products of electrolysis. 


The dry cell and the lead storage cell are two important electrochemical cells 
in everyday use. 


Test Yourself on Unit 5 


Y 


L. Complete the following paragraph by inserting one of the following words 
n each space: heated, lead, ions, electrolysis, lattice, melts, electrodes, bromine. 
Solid lead(11) bromide will not conduct an electric current. The 


are held 


in a rigid crystal ......... and are not free to move to the ......... . When the solid 
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Bess bo NS and allows the passage of an electric current. ......... is 
liberated at the cathode and ......... at the anode. The decomposition of an 
electrolyte by an electric current is called ......... . 


2. Mark the following statements true or false. 
(a) A metal will only allow the passage of an electric current when it is solid. 
(b) Sugar is a non-electrolyte and when dissolved in water will allow the 
passage of an electric current. 
(c) All anions are coloured. 
(d) All coloured anions migrate to the positive electrode during electrolysis. 
(e) Sulphur is an insulator in both the solid and liquid states. 


3. A steady current of 1-6 amps was passed for 10 minutes through two 
voltameters arranged in series. The first had silver electrodes immersed in 
silver nitrate solution; the second had a metal X immersed in a solution of a 
salt of X. After the experiment the cathodes in each voltameter had increased 
in weight: that in the first voltameter by 1-08 g and that in the second by 
0-09 g. 


(1 faraday = 96000 coulombs) 


(a) How many coulombs of electricity were passed? 
(b) How many faradays of electricity were passed? 


(c) Assuming the silver ion to be Ag* calculate the relative atomic mass 
of silver. 


(à) If the relative atomic mass of X is 27, how many moles of X were 
liberated? 


(c) Calculate the charge on an ion of X. 


(f) Write an equation for the reactions taking place at the cathodes in both 
voltameters. 


(g) State whether these cathode reactions are oxidations or reductions. 


4. , ` ; 
s an experiment concerning the displacement of one metal from an aqueous 
ution of its salt by another metal the results were tabulated as follows: 


Metal A Metal B Metal C Metal D | 


Solution of a i | 


salt i | 
of A = w reaction X | 


Solution of a 


salt of B TT. ; 
reaction reaction reaction | 


Solution of a 


salt ; 
ofC no reaction no reaction - Y 


Solution of a 
salt of D 
o 


reaction no reaction Z 
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The table shows whether or not reaction occurs between the metal anda solution 
of another metal salt. 
(a) Arrange the metals in order of reactivity, giving the most reactive one first. 
(b) State whether reaction will take place in the spaces labelled W, X, Y and Z. 


5. This question relates to the following simple electrochemical cell. 


O 


Salt bridge 


The half-cell reactions with their appropriate oxidation potentials are: 


Pb?* + 2e > Pb (e.m.f. = —0-13 V) 
Ag* + e > Ag (e.m.f. = +0-80 V) 


(a) Which of the following reactions take place? 
(i) Pb?* -2Ag > 2Ag*+Pb 
(ii) Pb?*+Ag > Ag* --Pb 
(iii) Ag*--Pb — Ag+Pb?+ 
(iv) 2Ag*+Pb — 2Ag+Pb?+ 
(b) What voltmeter reading do you expect? 
(i) 1-73 volts 
(ii) 0-67 volts 
(iii) 0-93 volts 
(iv) 1-47 volts. 


Mark this test out of 30 with the answers provided on page 373. 


Unit Six 
The Matter we Breathe 


Nitrogen Carbon dioxide 
No C02 


Properties 4 
Nitrogen Cycle Carbon Cycle 


Water Cycle 


Hardness of 
water 


Now that we are becoming increasingly aware of the term pollution, the air we 
breathe is more than ever a matter of concern to us all. This Unit studies the nature 
and properties of the constituent gases of the air and compounds related to them. 


It examines some of the major natural cycles which are responsible for sustaining 
the earth's thin film of living matter. 


6.1 Composition of the Air 


From the time of the Greeks, for some 2000 years, the air was considered to be a 
single Substance. It was not until the 17th century that this supposition was 
questioned. In fact dry air is a mixture of predominantly two gases, oxygen and 


nitrogen. It also contains small amounts of carbon dioxide, argon and other 
noble gases. 


Table 6.1 Composition of the air 


Gag Composition Composition 
by volume by mass 
% 76 
Nitrogen 78- 75:51 
Oxygen 20-95 23-15 
Carbon dioxide 0-03 0-04 
Argon 0-93 


Other noble gases 70-003 1” 
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In addition to the gases indicated in Table 6.1, air contains a variable amount of 
water vapour, on average 2%. Wind and industry pollutes the air with dust and 
chemicals such as sulphur dioxide, nitrogen oxides, ammonia and many others. 
Man pumps into the air smoke from fires, carbon monoxide and lead from his 
car, and a variety of industrial pollutants. 

The composition of the air is found to vary from place to place, confirming 
the fact that air is a mixture. Gases present in the air exhibit their own character- 
istic properties and can be separated by fractional distillation (see Section 1.5). 


6.2 Evidence for the Composition of the Air 


(a) Water Vapour in the Air 
Anhydrous calcium chloride is a dry white powder which on standing for 
some time in the air turns into a liquid. If this liquid is distilled, a vapour can be 
condensed which boils at 100°C and freezes at 0°C, confirming that it is indeed 
water. A white, solid residue of the original anhydrous calcium chloride remains. 
The calcium chloride has absorbed water from the atmosphere and dissolved in 
it. 

Any solid which absorbs water from the atmosphere and dissolves in it forming 
an aqueous solution is said to be deliquescent. Examples of such substances are: 


calcium chloride Ca?*Cly 
sodium hydroxide Na*OH- 
iron(im) chloride Feci 


Certain substances absorb water from the atmosphere but do not dissolve in 
it. They are said to be hygroscopic, and a common example is copper(11) oxide. 

The amount of water vapour present in air can be determined by passing a 
known volume of air over a weighed quantity of anhydrous calcium chloride 


in a U tube (see Fig. 6.1) and measuring the increase in mass of the U tube 
and its contents. 


Known 

volume of 
air measured — "= 
by a meter 


—> Dry air out 


Anhydrous 
calcium 
chloride 


Fig. 6.1 Determination of the amount of water vapour in the air 
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(b) Carbon Dioxide in the Air 

When air is drawn through a wash bottle containing lime-water (see Fig. 6.2), 
the colourless lime-water turns milky owing to the formation of insoluble 
calcium carbonate. This is a test for carbon dioxide. 


Toa 


Air drawn — p -p 
water pump 


in here 


Lime-water 
——— turns milky 


Fig. 6.2 Demonstration of the presence of carbon dioxide in the air 


When a known volume of dry air i ini 

1 ¢ ry air is passed through a U tube containing pellets 
E sodium hydroxide, the carbon dioxide reacts with the sodium oorde 
orming sodium carbonate and is removed from the air: 


2Na*OH,)+CO./.) + Na} CO3,,+H20, 


E U tube is weighed before and after the experiment, and the increase in 
ss indicates the amount of carbon dioxide present. 


p Oxygen in the Air 

4 oe ua Pyrogallol (benzene-1,2,3-triol) containing sodium hydroxide 

reda “4 s ge When a known volume of air is shaken with this 

Eu pa uated tube, oxygen is absorbed and the pyrogallol turns 

ile eels ot ew minutes the tube is inverted with its mouth under water. 
of the water inside and outside the tube are made equal so that the 


gas in the tube is at a i 
tmospheric : "ing 
B oo 5 "5 pressure. The volume of gas remaining in 


The diff 
erence between thi ; i em 
volume of ox this new volume and the original volume indicates the 


hyatxide ii es PAM (Carbon dioxide is also absorbed by the sodium 
oF : pest à : 
the ONES aee Tai E pei is negligible in comparison with the volume of 


More ac i i 
Curate determination of the percentage by volume of oxygen in the 
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Graduated gas- 
measuring tube 


Levels equolized to 
^ equalize pressure 
inside ond out 


Solid sodium (I) 
hydroxide pellets 


Aqueous pyrogallol 


(a) (b) 
Fig.6.3 Using alkaline pyrogallol to determine the percentage of oxygen in 
the air: (a) the start of the experiment ; (b) bringing the unabsorbed gas to 
atmospheric pressure 


air makes use of the reaction between heated copper and oxygen in which black 
copper(I) oxide is formed: 


2Cu 4-03, = 2Cu?*O2 


Experiment 6.1 Determination of the percentage by volume of oxygen in the air 
Some pure copper powder is placed in a silica tube which is connected hori- 
zontally between two 100 cm? gas syringes. One of the syringes (A) contains 


100 cm? of air, the other (B) has its plunger level with the 0 cm? mark. See 
Fig. 64. 


100 cm? of air 


Clamp Copper Clamp 


Plunger 


Syringe 
"eg pen Glass wool 


Fig.64 Determination of the percentage by volume of oxygen in the air 


The tube containing the Copper is heated strongly. When the copper is hot the 
measured volume of air is pushed slowly backwards and forwards over it using 
the plungers. After a few minutes the heating is stopped and plunger B pushed to 
the 0 cm? mark. When cool, the volume of air in syringe A is recorded. It is less 
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than 100 cm?. The copper is reheated and the air passed over it once again. This 
procedure is continued until, on cooling, the volume reading remains constant, 
and it may be assumed that all the oxygen in the air has been removed. 


Results 

Volume of air in syringe A before experiment = 100 cm? 
Volume of air in syringe A after experiment = 79cm? 
Volume of oxygen used in forming copper(i1) oxide = 21 cm? 
Fraction of oxygen by volume in the air = fh 
Percentage of oxygen by volume in the air =A% 


(d) Nitrogen and the Noble Gases in the Air 

After the removal of water vapour, carbon dioxide and oxygen from the air, the 
gas remaining (about 80%) is mainly nitrogen with the exception of some 1% of 
argon and other noble gases. These can be separated by fractional distillation of 
liquid air. 


6.3 Fractional Distillation of Liquid Air 


The separation of liquid mixtures by fractional distillation is discussed in Section 
1.5. It relies on the fact that different liquids have different boiling points, those 
having the lower boiling point distilling over first. 


— _ = 


Condenser 


Compressor 


oo 


A; 


EP m 


Liquid oir 
Fig.6.5 Manufacture of liquid air 


] To prevent blockage caused by solid materials at these low temperatures, air 
is first freed from carbon dioxide, water vapour and dust impurities. It is then 
compressed to about 200 atmospheres, cooled and allowed to expand through a 
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liquefaction returns to the compressor. 
Liquid air is primarily a mixture of nitrogen and oxygen with small amounts 
of the noble gases. The boiling point of nitrogen is — 196°C (77 K) and that of 
oxygen is —183°C (90 K). For this reason, when liqu 
up, the nitrogen boils first and the remaining liquid bec 
refractionating the oxygen fraction several times, th 
high purity. Most ox 
stored by pum 
fractionation. 


id air is allowed to warm 
omes richer in oxygen. By 
e oxygen produced is of 
yen is not required in a state of high purity and is simply 
ping into steel cylinders under high pressure after only one 


Preparation of Oxygen 


By far the most important commerci i i 

y far t mercial so 2 al 
distillation of liquid ai , i 3 ew E edan 
reactions by which 


2H20,,, | 2H20+0,,. 
This decomposition takes place 


is usually denoted by the volume 
Mposition. Thus ‘20 volume’ hydro- 
ume of oxygen, e.g. 10 cm? of a ‘20 


evolve on co 
gen peroxide gives off 20 times 


T o À 


mplete deco; 
its own vol 
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volume’ solution gives off 200 cm? of oxygen, measured at standard temperature 
and pressure. 

Oxygen is liberated in a vigorous reaction when 20 volume hydrogen peroxide 
is dropped on to finely divided manganese(1v) oxide in a conical flask. The gas can 
be collected in jars by displacement of water, as shown in Fig. 6.6. 


Top funnel containing 
hydrogen peroxide 


Delivery tube 


Flask 


Manganese(Iv) 
oxide 


Beehive shelf 


Fig. 6.6 Laboratory preparation of oxygen from the decomposition of hydrogen 
peroxide, using manganese(1V) oxide as a catalyst 


(b) From the oxides of metals low in the electrochemical series. These oxides 
yield oxygen on heating. For example, dilead(1) lead(1v) oxide (‘red lead’): 


2Pb;04,) — 6Pb?* OG; + Ory 
Another example is mercury(11) oxide: 


2Hg?* 02) ^ 2Hgy+ Or 
gen is evolved on heating a mixture of 


(c) From potassium chlorate(v). Oxy. 
ide (here 


three parts potassium chlorate(v) with one part manganese(IV) ox 
again the manganese(Iv) oxide acts as a catalyst): 


2K *C105%) =p: 2K*Cle T 302%) 


(d) From the nitrates of certain metals high in the electrochemical series. 
Oxygen is evolved when potassium nitrate is decomposed by strong heating: 


2K*NOs, > 2K* NO; zip 


potassium potassium 
nitrate nitrite 


A similar reaction occurs with sodium nitrate. 
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6.6 Properties of Oxygen 
(a) Physical 


Oxygen is a colourless, odourless, tasteless gas. Its relative molecular mass is 32. 


The solubility of oxygen in water is low but nevertheless important to underwater 
life. 


(b) Chemical ; 
With the exception of the noble gases and certain metals such as gold and plati- 
num, all elements combine with oxygen to produce oxides. (Thus an oxide is a 
compound which contains oxygen combined with one other element. Unit 5 
described oxidation as a reaction in which electrons are lost. Here combination 
of an element with oxygen provides a further example of oxidation.) , 

The reaction between oxygen and many of the elements, e.g. phosphorus, is 
vigorous and accompanied by the evolution of light and heat. Any such reaction 
is an example of ordinary combustion (or burning), ie. the combination of 
oxygen with some combustible material. Oxygen is said to 'support the com- 
bustion' of the combustible material. In general, combustion (or burning) is any 
chemical reaction which occurs so rapidly that heat and light are produced: it 
need not necessarily involve oxygen. In the case of hydrogen burning in an at- 
mosphere of chlorine we could speak of hydrogen as being combustible and the 
chlorine as supporting combustion. 

Antoine Laurent Lavoisier (1743-94) is famous for having established the 
modern theory of combustion. He proved that air contained two components, one 


of which supports combustion and one of which does not. The active part of the 
air he named oxygen. 


Reactions 


(i) Hydrogen. A stream of 


hydrogen burns readily in oxygen with a clear blue 
flame to produce water vapo : P 


ur: 


2H (4) tOn + 2H50, 
Drop Of water are formed if the flame is directed on to a cold surface. 
Caution: hydrogen-oxygen and hydrogen-air mixtures are explosive (see 
Experiment 3.1). 


(ii) Sodium. (This metal ta; 
with water, it is stored unde 
is heated in a deflagrating sj 


Tishes rapidly in air and, since it also reacts violently 
7 liquid paraffin.) A small freshly cut piece of sodium 
c poon until it ignites and then lowered into a gas jar of 
oxygen (see Fig. 6.7). A bright yellow flame, characteristic of sodium, is observed 
and white solid sodium Peroxide remains: 


2Na 4-05 mad Na; O2; 
Note that the peroxide i ; 
Db ino: m ton has a formula O2 - and is not to be confused with the 


(iii) Magnesium, T- 3 
When ignited, magnesium burns in air with a white light. On 
= 
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Cork 


Metol cover to 
fit the gas jar 


NEL rod Oxygen 
Substance 
burning’ 

Substance , 
under test Gas jar 


Metal deflagrating 
spoon 


(a) (b) 


Fig.6.7 Testing the action of oxygen on solids: (a) the solid is heated in a 
deflagrating spoon until it ignites, melts or becomes red hot; (b) the spoon 
and its contents are then plunged into a jar of oxygen 


lowering into a gas jar of oxygen the light becomes intensely bright, and white 
solid magnesium oxide is formed: 
2Mga Orr) > 2Mg'* Of 


(iv) Iron. Some iron wire is heated on a deflagrating spoon until it is red hot 
and then lowered into a gas jar containing oxygen- A shower of sparks is produced 
as iron burns to leave black ironi) di-iron(m) oxide: 


3Fe +2028) =F) Fe3;045) 


Iron will react slowly with oxygen and water vapour in the air, producing rust. 
This and other forms of corrosion are discussed in Unit 9. . 

(v) Carbon. Red-hot charcoal glows brightly when lowered into a gas Jar 
containing oxygen, and burns away to carbon dioxide: 


Co +029 > CO» 


(vi) Phosphorus. When lowered into oxygen, burning phosphorus produces a 
bright white flame and dense white clouds of phosphorus(v) oxide (phosphorus 
pentoxide): 

4P +5029 > P40:09 


Not all elements undergo combustion with oxygen but many can be made to 
react under special conditions. Nitrogen. for example, combines with oxygen 
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when a mixture of the gases is su 


bjected to an electric discharge; the product is 
nitrogen monoxide (NO). 


6.7 Nitrogen 


attack, owing to a strong 
€ N; molecule. Apart from 
the earth's crust. However, 
in proteins (vital constituents of animal and plant cells), 


inadequate to meet the demand. 


The Nitrogen Cycle 


People and animals cannot use atmospheric nitrogen to manufacture their 
body-building Protein because there is no body mechanism for this conver- 


Nitrogen in 
the air 


Plant and animal 


no If YA 
Nitrate via roots 
into plants 


bacterial action 


Denitrifying 
bacteria 


Nitrifying 
bacteria 
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sion. They must obtain their usable or fixed nitrogen by eating plants and 
animals. Plants, too, need nitrogen for growth. But plants in general cannot 
utilize atmospheric nitrogen; they absorb soluble nitrogen compounds such 
as nitrates through their roots. 

The circulation of nitrogen in nature is called the nitrogen cycle. 

It will be seen from Fig. 6.8 that the three main processes involved in the 
nitrogen cycle are: (a) conversion of atmospheric nitrogen to nitrates, (5) 
conversion of nitrogen compounds in the soil to nitrates, and (c) removal of 
nitrates from the soil and return of nitrogen to the atmosphere. 


(a) Nitrogen in the atmosphere is converted into nitrates in three ways: 

G) lightning flashes (electrical discharge) cause nitrogen to combine with 
oxygen, forming oxides of nitrogen. These oxides dissolve in rain and are 
washed into the soil as nitric acid. It is estimated that 250 000 tons of nitric 
acid are produced every 24 hours in this way. 

(ii) free-living nitrogen-fixing bacteria convert atmospheric nitrogen into 
nitrates. 

(iii) nitrogen-fixing bacteria occur in the root nodules of certain leguminous 
plants such as clover. When crops of such plants are grown they replace the 
nitrogen in the soil. 


(b) The death and decay of plants and animals, animal urine and faeces all 
return nitrogen to the soil. Eventually through bacterial action the protein 
nitrogen compounds in animal excreta are converted into ammonium salts. 
These salts are in turn converted first to nitrites and then to nitrates by 
nitrifying bacteria. 


(c) Nitrogen is lost from the soil in two ways: 

(i) plants absorb nitrates through their roots for use in building plant 
protein, 

(ii) denitrifying bacteria convert ammonium salts, nitrites and nitrates into 
nitrogen gas which is released to the atmosphere. 


Human intervention in the nitrogen cycle. The harvesting of crops for human 
use removes nitrogen from the natural cycle. When sewage is discharged into 
the sea, naturally produced urea—one of the best soluble nitrogenous fer- 
tilizers—is lost to the land. 

It is essential that the nitrogen lost to the soil is replenished in some way, 
otherwise subsequent crops will give lower yields. This is done by adding 
both natural and artificial fertilizers to the land. These include farmyard 
Manure, ammonium sulphate, ammonium nitrate, nitro-chalk (ammonium 
nitrate mixed with chalk), urea and ammonium phosphates. , 

Most of the artificial fertilizers are produced indirectly from atmospheric 
nitrogen via ammonia manufactured by the Haber process (see Section 14.8). 
Vast quantities of nitrogen are thus removed from the atmosphere, and for 
this reason the time is quickly approaching when we must look closely at the 
adequacy of atmospheric nitrogen as a source of protein nitrogen. 


n 
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6.8 Preparation of Nitrogen 


As with oxygen, the most convenient way of obtaining nitrogen in the laboratory 
is from a cylinder of the gas which has been produced commercially by fractiona- 
tion of liquid air. 


Nitrogen can be prepared by heating ammonium nitrite solution: 
NH ZNO} aq) > N;44-2H;0q 


Ammonium nitrite is made in situ by mixing concentrated solutions of 


ammonium chloride and sodium nitrite which provide ammonium ions and 
nitrite ions. 


6.9 Properties of Nitrogen 


(a) Physical 


Nitrogen isa colourless, odourless, tasteless gas. Its relative molecular mass is 28. 
The gas is only slightly soluble in water (less soluble than oxygen). 


(b) Chemical 


The inert (or unreactive) nature of nitrogen is due to the strong covalent bond 
between the two nitrogen atoms in the molecule N,. In the air it neither burns nor 
supports combustion and acts mainly as a diluent for the oxygen. 


Reactions 


.G Magnesium. Burning magnesium will continue to burn in nitrogen, produc- 
ing magnesium nitride: 


3Mg-- No > Megi Ni 


Pas len is a whitish solid, and when treated with water or a solu- 
Sodium hydroxide, the characteristic ia gas 
Beh ca. pungent odour of ammonia g 


2 5 
Mgi Ni - 6,0 > 3Mg?*(OH~) 4 +2NHayp 


i ip Under high pressure and in the presence of an iron catalyst, 
rogen and hydrogen will combine together to produce ammonia: 
Ng +3H ag) > 2NH;( 
This is the basis of i ia which i i 
ae um E Haber synthesis of ammonia which is discussed in detail 
(iii) Oxygen. When nitro i 
) trogen and oxygen in the air are passed through an 
electric arc, small quantities of nitrogen monoxide are fidet: 3 


a Nazat Oz > 2NO p 
is is the basis of the ‘electri ' or ‘Bi 
manufacture of nitric acid, € arc’ or ‘Birkeland and Eyde’ process for the 
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6.10 Carbon Dioxide and the Carbon Cycle 


Although the quantity of carbon dioxide in the atmosphere is relatively small 
(0:03% by volume), it is nevertheless essential either directly or indirectly to the 
existence of living things. Green plants remove carbon dioxide from the air in the 
process of photosynthesis ; animal and plant respiration and decay processes 
return carbon dioxide to the air. Together these processes make up nature’s 
carbon cycle (see Fig. 6.9), and it is because of the delicate balance between them 
that the percentage of carbon dioxide in the atmosphere remains remarkably 
constant. 


Carbon dioxide in the air 


Fig. 6.9 The carbon cycle 


The carbon cycle is in two main parts. 


(a) Removal of carbon dioxide from the air. Green plants absorb carbon dioxide 
through the underside of their leaves. Carbon dioxide is able to combine with 
water in the leaf, producing carbohydrates (compounds which contain carbon and 
the elements of water, i.e. hydrogen and oxygen in the ratio 2:1) such as 
glucose. This process will only occur in the presence of solar energy (sunlight) 
and certain biological catalysts. Together these complex reactions which build 
up carbohydrates in the leaf are termed photosynthesis. They can be summarized 
by the equation: 


6CO 4) +6H200 > CoH 20 6(aay +6029 


The glucose (a sugar) undergoes further reactions to produce more complex plant- 
and starch. It will be seen 


building and food-storage compounds such as cellulose ESEN 
from the above equation that, as carbon dioxide is removed from the air, it 1s 
replaced by oxygen. 
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(b) Addition of carbon dioxide to the air. Plants and (to an even greater extent) 
animals consume carbohydrates and other foodstuffs. The energy-producing 
chemical reactions between the foodstuff and oxygen from the air result in the 
formation of carbon dioxide and water, and are together called respiration. 

When plants and animals die, their bodies decay. Decay means that, by the 
action of bacteria, complex carbon compounds are broken down into (among 
other things) carbon dioxide. In this process, as in respiration, as oxygen is 
removed from the air, it is replaced by carbon dioxide. 


Oxygen 
from the air |: 


Animal or 
green plant 


Carbon dioxide | + | Water 


Other products 


Fig. 6.10 Respiration in plants and animals produces carbon dioxide 


Human intervention in the carbon cycle. The combustion of all carbonaceous 
fuels. (e.g. oil, coal, wood and petrol) increases the concentration of carbon 
dioxide in the air. Recent vast increases in such combustion have produced a 
measurable build-up of carbon dioxide in the atmosphere. This retains heat 
radiated from the ground and may be causing a slight rise in the average 
temperature of the earth. If this apparent trend continues there is danger that 


Dd the polar ice caps will begin to melt, causing the level of the oceans 
o rise. 


6.11 Preparation of Carbon Dioxide 


as By the action of a dilute acid on a carbonate or a hydrogencarbonate. When 
ilute hydrochloric acid is added to any carbonate, a vigorous effervescence 


occur: ioxi i i 
irs as bubbles of carbon dioxide gas are liberated. For example, using 
calcium carbonate: 


2+ 2- = 
Ca** COSS --2H* Cl, — Ca?* Cl xiaq)-+ CO; -- H50q 


The gas can be collect ; i A 
collection). lected over water if required (see Fig. 6.6 for method of gas 


A similar reaction occurs wi 
with a hydrogencarbonate, s ium 
hydrogencarbonate: CR pus s mm 


+ 2: 
Na*HCO3,)+H* Clg) > Na*Clq4)+CO2)+H20,) 


b ^ 
b os TRE of heat on hydrogencarbonates and certain carbonates. With the 
e carbonates of the alkali metals, i.e. sodium, potassium etc., all 
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carbonates and hydrogencarbonates decompose on heating to give carbon 
dioxide. For example: 
strong 


Ca?* C036) 


3(s) heating Ca^* o TCO; 


h 
2Na* HCO;,, os Na} C03, + CO, HHO 
The action of heat on calcium carbonate in the form of limestone is used 
commercially to manufacture quicklime (calcium oxide). 


(c) By burning carbonaceous materials. All natural fuels contain carbon as one 
of the essential elements; for example, natural gas (methane) has a molecular 
formula CH,. Combustion of such materials in a plentiful supply of oxygen 
produces carbon dioxide: 


CH4,,4-205, > CO: *2H;00 


(d) By fermentation processes. Beer, wines and other alcoholic drinks are made 
by fermentation. This is a complex process in which, by enzyme action, a sugar 
is converted to ethanol (an alcohol) and carbon dioxide: 

CeH120 60a) > 2C,H OH aq) +2CO2xe) 
(a sugar) ethanol 
The enzyme zymase (a biological catalyst produced by yeast) plays an essential 
part in this reaction. 


6.12 Properties of Carbon Dioxide 


(a) Physical 

Carbon dioxide is a colourless gas with a very faint pungent odour and taste. Its 
relative molecular mass is 44. It is fairly easy to solidify, and the solid (called ‘dry 
ice’) sublimes. 


(b) Chemical 

(i) Carbon dioxide neither burns nor is à supporter of combustion. For this 
reason, and because it is more dense than air, it is widely used in fire extinguishers. 
Its ability to extinguish flame can be demonstrated by ‘pouring’ the gas on toa 
lighted candle in a large beaker, as shown in Fig. 6.11. 

However, burning magnesium will decompose carbon dioxide, and when 
lowered into a jar of the gas, will continue to burn in the oxygen set free: 


2Mg i) + COnq > 2Mg?* Of.) + Cw 
White magnesium oxide is produced and black specks of carbon are seen 


(confirming that carbon dioxide does indeed contain carbon). 
(ii) Carbon dioxide dissolves a little in water (0-335 g in 100 g water at a total 
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“Pouring” carbon dioxide 


Carbon dioxide gas 


Fig. 6.11 Carbon dioxide is heavier than air and does not support combus- 
tion; the candle is therefore extinguished when the gas is poured over it 


pressure of 1 atm). The dissolved gas reacts slightly with the water, producing a 
dilute solution of carbonic acid: 


C024) HHO > H;CO,, 
Carbonic acid is a weak acid 
in Section 8.8). 


If the gas is dissolved under increased pressure, the solubility increases 
markedly. Effervescent ‘fizzy’ drinks rely on this property. When the pressure 1s 
released by removing the bottle top, the gas can be seen bubbling out of solution. 

(iii) Being an acid gas, carbon dioxide will react with and be absorbed by a 
solution of an alkali. For example, with sodium hydroxide: 


2Na OH) CO;(, — Na CO2;,--H,O 


This reaction is used to absorb carbon dioxide in the quantitative analysis of a gas 
mixture. 


(the significance of weak and strong acids is discussed 


q 


Lime-water is a colourless solution 
alkali. When carbon dioxide gas is 
milky white precipitate of calcium car 


of calcium hydroxide, a slightly soluble 
bubbled through this clear solution, a 
bonate is observed: 
Ca** (OH Jant CO,0 > Ca? *C035+H,0,, 
This reaction is used to detect carbon dioxide. 
If carbon dioxide is passed through lime- 


precipitate dissolves, leaving a colourles: 
gencarbonate: 


water for a long time the original white 
$ solution containing calcium hydro- 


Ca?* COS -H)044.CO,.. > Ca? * (HCO; Jaag 
Boiling the clear 


solution decomposes the calciu 
the white milky precipitate of calcium carbonate 


Ca^*(HCO;),.. = Ca?* CO2 


3) H;044- CO, 


m hydrogencarbonate, and 
returns: 


The Matter we Breathe 129 


With this test for carbon dioxide it is easy to demonstrate that exhaled breath 
contains carbon dioxide. Simply breathing out through a tube (or straw) into 
a test tube containing lime-water causes the liquid to turn milky. 


6.13 Uses of Carbon Dioxide 


Carbon dioxide is important in the manufacture of sodium carbonate and 
sodium hydrogencarbonate by the Solvay (ammonia-soda) process (see 
Section 14.5). Large quantities of carbon dioxide are used in carbonated 
beverages, as ‘dry ice’ in refrigeration, and in fire extinguishers. 


(a) Carbon dioxide in the soft-drinks industry. About 90% of the carbon dioxide 
manufactured is used in the preparation of carbonated ‘fizzy’ beverages (see 
Section 6.12). 


(b) Dry ice used as a refrigerant. Carbon dioxide can be liquefied under high 
pressure at 20°C, but when exposed to atmospheric pressure this liquid freezes to 
the white solid ‘dry ice’. This has a temperature of — 78-5 °C. It is used asa refriger- 
ant in shipping fruits, vegetables, dairy products, fish and meat. As a refrigerant 
it has the advantage over ordinary ice that it (i) sublimes leaving no residue, (ii) 
maintains a lower temperature, (iii) lasts longer. 


(c) Fire extinguishers. The fact that carbon dioxide is chemically inactive, 
cheap and easily generated, makes it a useful fire extinguisher. Being considerably 
denser than air, it settles over the burning material as an occluding (retaining) 
‘blanket’ which prevents more oxygen from reaching the fire. At the same time it 
dilutes the oxygen in the air to such an extent that combustion is inhibited. 


(i) The most convenient type of fire extinguisher consists of a cylinder contain- 
ing liquid carbon dioxide. When the valve on the cylinder is opened the pressure 
is released ; the liquid turns to a vapour and a snow-white solid. The heavy vapour 
effectively blankets the fire and lowers the temperature around the burning 
material. This type of extinguisher is particularly useful in fighting oil fires (where 
water might spread the fire) and those around electrical apparatus (where water 
might cause a ‘short circuit’ and electric shock). 


(ii) In the soda-acid type of fire extinguisher, shown in Fig. 6.12, separate 
solutions of sulphuric acid and sodium hydrogencarbonate are mixed when 
the extinguisher is inverted: 


2Na* HCO jiuq) ++ H2 SO2g > Naf SOZeq+2H20+2COay 


Pressure of carbon dioxide gas produced when the hydrogencarbonate reacts 
with the acid forces a jet of liquid out of the nozzle which can be directed towards 
the fire. In this case it is principally the water which puts out the fire and not the 
carbon dioxide. 

(iii) Foam fire extinguishers are similar in construction to the soda-acid type. 
In this case the two reacting solutions are sodium hydrogencarbonate con- 
taining a sticky foam-stabilizing substance such as liquorice, and aluminium 
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Loose lead 
stopper 


Bottle of 
sulphuric acid 


Steel container 


~~ Solution of sodium 
hydrogencarbonate 


Handle in base 
Fig. 6.12 The soda-acid type of fire extinguisher 


sulphate. The aluminium sulphate acts as an acid and, on inversion of the 
extinguisher, reacts with the hydrogencarbonate to produce carbon dioxide 
gas. Gelatinous aluminium hydroxide produced in the reaction helps the 


liquorice to stabilize the carbon dioxide foam. This type of extinguisher is 
particularly useful in fighting oil fires. 


Baking Soda and Baking Powder 


Carbon dioxide makes cakes ‘rise’ during baking. It is produced within the cake 
when baking soda (sodium hydrogencarbonate) decomposes during the baking 
process: 
2Na* HCO; ag) heat , Naz COZ HHO +C 
rire powder differs from baking soda in that it is a mixture of sodium 
ydrogencarbonate and a harmless solid acid such as 2,3-dihydroxybutanedioic 


acid (tartaric acid). These substances do not react with each other while they are 
dry, but in the moist cake mixture the acid a 


react. Carbon dioxide is produced in 
cooking process, so making the cake ‘ri 


nd hydrogencarbonate dissolve and 
tiny bubbles which expand during the 


se’. 
6.14 Water 
Water vapour is always i i i 
a present in the air even over varies, 
being greatest at and eee 


near the equator. The vi : 
th E ; the very small amount of water vapour in 
[0-0 Se one HRS ctw importance to the world's weather. This 
of su i mek, the atmosphere by evaporation and by transpiration (the loss 
ER pants e animals). By far the most important of these is 
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evaporation from the oceans. Loss of water vapour from the atmosphere occurs 
through rain, snow and other forms of precipitation. The circulation of water 
vapour in nature is called the water cycle (see Fig. 6.13). 


C» G 


! 
hi 

| Transpiration Evaporation 1 | 
i 


from plants 
and animals 


Lakes and streams 


Fig.6.13 The water cycle 


6.15 Properties of Water 


(a) Physical 
In almost all its physical properties Water is unique. It is a liquid ; yet compounds 
similar to it and of higher relative molecular mass are gases, €.B. hydrogen 
sulphide. This and many other of water's special properties are attributed to the 
strong hydrogen bonding between hydrogen and oxygen atoms of adjacent water 
molecules (see Section 2.10). 

Water has its maximum density at about 4°C. Thus ice is less dense than water 


and floats, whereas almost all other substances are denser in the solid state than 


in the liquid. Also cold water (less than 4°C) floats on top of warmer water. 
enabling underwater 


Freezing therefore takes place from the surface downwards, 
life to be maintained. 

At one atmosphere pressure the boiling point and fre 
are 100-00 °C and 0-00 C, respectively. These are used 
calibration of thermometers. 


ezing point of pure water 
as two fixed points in the 


(b) Chemical 
(i) Because of its polar nature, water is an excellent solvent for the vast 


majority of ionic compounds. This particular property is discussed in Unit 5. 
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(ii) The reaction of water with metals is discussed in Unit 9, and with oxides 
in Unit 8. 


6.16 *Hardness' of Water 


(a) Causes of Hardness 

When soap forms an insoluble scum and does not easily lather with water, such 
water is said to be ‘hard’. This hardness is caused by Mg, and Ca?; ions 
dissolved in water. Note that only soluble compounds of magnesium and calcium 
can provide these ions: the usual sources are the sulphates, chlorides and 
hydrogencarbonates. 

Whereas the sulphates and chlorides occur in the earth's crust, the hydro- 
gencarbonate is produced when rain-water containing dissolved carbon 
dioxide passes through calcium carbonate rocks, e.g. chalk and limestone. 
The dilute solution of carbonic acid (carbon dioxide dissolved in water) reacts 
with the calcium carbonate to form soluble calcium hydrogencarbonate: 


Ca®* CORS +(H20p+CO2,4) > Ca?* (HCO;);., 
carbonic acid 


Calcium carbonate (chalk ete.) does not directly cause hardness since it will 


not physically dissolve in water. 


+ 
Ca (HCO ang + Ca2* C03 -H,0,-- CO, 


The Matter we Breathe 133 


(b) The Nature of Soap 

Soap is a name given to a variety of compounds produced when oils and fats are 
reacted with sodium hydroxide. They are all similar in that they contain a 
long hydrocarbon chain ending in a carboxylate anion to which is attracted a 
sodium cation. The hydrocarbon chain is soluble in oils but insoluble in water; 
the ionic end is soluble in water but insoluble in oils. A typical soap is sodium 
octadecanoate (sodium stearate) C,» HysCOO™ Na*: 


HHHHHHHHHHHHHH HHH 
LLLLLLLLLLELLL ELA Kn 
PERRERA ^ — 
HHHHHHHHHHHHHHHHH - 


hydrocarbon chain. carton yat amen 


In water, soap has two functions: (i) it makes the water able to wet 
material more effectively by lowering the surface tension ; (ii) it emulsifies oil and 
grease. The hydrocarbon chain (the tail") dissolves in the grease while the carboxy- 
late-sodium end of the soap molecule (the ‘head") remains dissolved in the water 
(see Fig. 6.15). This grease-removing process is often referred to as 'head-and-tail 
detergency. Agitation of the liquid aids dissolution of the grease by the soap. 


(c) Effect of Hard Water on Soap 
The Ca) and Mgáj ions in hard water react with soap (sodium stearate) 


Soop moe J j L rat 
van re d ecd 


praan intag oof 
ee 


Fig. 6.15 Soap molecules surrounding a grease particle to make it soluble 
in water 
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and remove it as an insoluble grey scum (calcium or magnesium stearate). 
For example: 


2C,,H3sCOO "Na, 4- Cao — (Ci H3s5COO ); Cae +2Naaq) 
sodium stearate calcium stearate 


Soap is wasted in this way until all the calcium and magnesium ions have 
been removed. The scum is deposited on fabrics, giving them an unsightly dull 
appearance. Thus in hard-water districts it is obviously advantageous to 
remove hardness before washing. 


(d) Removal of Hardness 
The removal of hardness depends to a certain extent on whether the type of hard- 
ness present is ‘temporary’ or ‘permanent’. 

(i) Temporary hardness is caused by the presence of calcium (or magnesium) 
hydrogencarbonate dissolved in the water. It can be removed by boiling the 
water, when the insoluble calcium (or magnesium) carbonate is precipitated: 


Ca^* (HCO5);4, > Ca? * COS +H20q) + CO») 


This reaction is responsible for the ‘furring’ of kettles and water pipes. 

(ii) Permanent hardness is caused by the presence of calcium and mag- 
nesium chlorides and sulphates. These compounds do not decompose on 
heating, and so this type of hardness cannot be removed by boiling. 

Both temporary and permanent hardness can be removed by the addition 
of ‘washing soda’ (sodium carbonate crystals). This reacts with the Caii) 
and Mg ions, precipitating them as the insoluble carbonates: 


(aay t Nai CO, — Ca** COS --2Nat, 


The disadvantage of washing soda as a water softener is that its solution is 
alkaline and can cause damage to wool and silk. 

Hard water can be softened in a continuous process using ion-exchange resins. 
These are compounds which will exchange their own sodium ions for the 
calcium (or magnesium) ions dissolved in hard water. Thus as sodium ions 
80 into solution, calcium (or magnesium) ions are left on the resin: 


2Na* (Resin), 4- Ca? — Ca?*(Resin~)944 +2Naiq) 


use de uas are packed in a cylinder and hard water is passed through 
AA SEND. sodium ions coming out of the other end. The 
changed, b ally becomes ‘spent’ when all the sodium ions have been ex- 

ged, Dut it can be regenerated by passing concentrated sodium chloride 


solution through it. This increases the concentration of sodium ions to such 
an extent that they are able to 


: : replace the calcium ion: in, making 
it available for use again: Eure nin, : 


2+ ea 
Ca^" (Resin), 2Nat,, — 2Na* (Resin Jo Ca 


One example of an i 
ion- TAM : ; 
(sodium aluminium Ba cr MEL o enia Permuct 
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Summary of Unit 6 


19. 
20. 


. Air is a mixture of colourless, odourless and tasteless gases. 
. Approximately 99% by volume of air is a mixture of nitrogen and oxygen. 
. Small amounts of the noble gases (particularly argon) are also present, 


together with carbon dioxide and variable amounts of water vapour. 


. Air can be liquefied by compression and cooling. Liquid air is a commercial 


source of nitrogen, oxygen and argon which are separated by fractional 
distillation. 


. Oxygen is the most abundant element in the earth's outer surface. 
. Laboratory methods of preparing oxygen include: 


(a) the action of manganese(Iv) oxide on hydrogen peroxide 
(b) the action of heat on certain oxides and nitrates 
(c) the action of heat on potassium chlorate(V). 


. Reaction of oxygen with other elements produces oxides; this is an oxidation 


process. 


. Combustion is a rapid oxidation process which occurs with the production of 


heat and light. 


. Nitrogen is essential to life. The conversion of stable nitrogen gas into useful 


nitrogen compounds is called nitrogen fixation. 


. The circulation of nitrogen in nature is called the nitrogen cycle. 
. Nitrogen is most conveniently obtained by fractional distillation of liquid air, 


but can be prepared in the laboratory by warming a solution of ammonium 
nitrite. 


. Nitrogen is an inert gas. 
. Carbon dioxide occurs in air as a product of decay, of combustion and of the 


respiration of living things. Tt is the vital component in nature's carbon cycle. 


. Carbon dioxide can be prepared by: 


(a) the action of an acid on a carbonate or hydrogencarbonate 

(b) the action of heat on hydrogencarbonates and certain carbonates 
(c) burning carbonaceous material 

(d) fermentation processes. 


. Carbon dioxide is a stable gas and does not burn. Its aqueous solution is 


called carbonic acid. Yt is detected using lime-water, à dilute aqueous solution 
of calcium hydroxide. 


. Carbon dioxide is used in fire extinguishers, as *dry ice' in refrigeration, in 


carbonated beverages and as à raising agent in baking processes. 


. The circulation of water in nature is called the water cycle. 
. Water molecules are polar and are join 


ed by hydrogen bonds. Hydrogen 


bonding is responsible for many of the peculiar properties of water. 
Calcium and magnesium ions cause hardness in water. ! 
The process by which hardness is removed from water is called water 


softening. 
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Test Yourself on Unit 6 


1. Which of the following gases are present in a sample of air? 
(a) hydrogen; 
(b) oxygen; 
(c) carbon dioxide; 
(d) nitrogen; 
(e) argon; 
(f) methane. 


2. 200 cm? of dry air was shaken with an aqueous alkaline solution of 
pyrogallol (benzene-1,2,3-triol). À } 
(a) Name two gases present in the dry air which were removed by the alkaline 
pyrogallol. E 
(b) Name the major constituent of the gas remaining. 
(c) Name one other gas present in the gas remaining. 
(d) What is the volume of gas left after treatment with alkaline pyrogallol? 


3. The following equations (not balanced) refer to reactions in which oxygen is 
produced: 
O HOr > H,O) 0; 
Gi) Pbs O44  Pb?*O2, O4, 
(i) K*ClOzy > K*Cl5 +02) 
(iv) K*NO&, > K*NOZ,+0. 
(a) Balance these four equations. 
(b) Name a catalyst which can be used for reactions (i) and (iii). 
(c) Which of these reactions proceeds at room temperature? 


4. Separate samples of sul 


2(8) 


phur and magnesium were burned in oxygen using the 


following apparatus: 
Clamp Magnesium or sulphur 
Oxygen in Gas out 
—— —- 
| Porcelain boat 
Heat 


(a) Name the Products formed when these elements burn in oxygen. 
(b) What would You see during these two experiments? 


in which atmospheric nitrogen is ‘fixed’, 


1 tificial fertilizers containing nitrogen. 
(c) Which impor 


tant nitrogen-containing compound is produced by the Haber 
process? 


(d) Name the complex 


process by means of 
hydrates from carbon di 


which plants build up carbo- 
oxide. 


m 
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6. Classify as true or false the following statements concerning carbon dioxide: 
(a) It is prepared by the action of an acid on any carbonate or hydrogen- 
carbonate. 

(b) It forms a white insoluble salt with calcium hydroxide solution. 

(c) It is readily absorbed by both sodium hydroxide solution and concen- 
trated sulphuric acid. 

(d) Solid carbon dioxide (‘dry ice’) sublimes. 


7. 50 cm? of tap water from a limestone area required 20 cm? of soap solution to 
form a permanent lather. 50 cm? of the same tap water after boiling and cooling 
required 5 cm? of soap solution to form a lather. 
50 cm? of tap water after passing through an ion-exchange resin required 
0-1 cm? of soap solution to form a lather. 
(a) Does the water contain temporary hardness, permanent hardness, or both? 
(b) Why is the volume of soap required to form a lather, less after boiling? 
Name one substance present in the original tap water which was responsible for 
this. 
(c) Why does the tap water still require 5 cm? of soap solution to produce a 
lather even after boiling? 
(d) Write an equation showing how rain-water containing dissolved carbon 
dioxide dissolves limestone. 
(e) Why is only 0-1 cm? of soap solution required to produce a permanent 
lather after passing the tap water through an ion-exchange resin? 
(f) Name two ions responsible for hardness in water. 
(g) If the formula of soap could be represented as Na*St ^, write an equation 
to show how soap reacts with the ions present in hard water. 


Mark this test out of 40 with the answers provided on page 374. 


Unit Seven 


Matter and Energy 


ENERGY CHANGES 


HEATS OF REACTION 


RATE OF REACTION REVERSIBLE REACTIONS 


Heat of Combustion Dependence of rate 


upon: 
Physical state 
Concentration 
Temperature 
Catalyst 


Heat of Solution 


Equilibrium 


Heat of Neutralization 


Heat of Precipitation 
Activation energy 


reactions and quantity 


Unit 7 introduces us to these Physical factors, namely, energ y changes, rates of 
reaction and equilibrium. 


7.1 Energy Changes in Chemical Reactions 


Fuels are substances whi 
methane), one of our m 
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to the surroundings is called an exothermic reaction. The burning of any fuel is an 
example of an exothermic reaction. 

In contrast, those reactions in which heat is taken in from the surroundings by 
the system are termed endothermic. The temperature of the surroundings is 
lowered in an endothermic reaction. 

In a chemical reaction such as the burning of methane, bonds are broken and 
new bonds formed as the reactants are converted into products. Energy is needed 
to break any bond and energy is liberated when new bonds are formed. Each 
different bond is associated with a certain amount of energy. Thus the breaking of 
some bonds requires more energy than others, while the formation of certain 
bonds /iberates more energy than others. 

A reaction will be exothermic if the energy liberated in bond formation is 
greater than that required for bond breaking, or endothermic if /ess. The com- 
bustion of methane 

CHa t202 > CO2 2H;00 


is thus exothermic because the energy liberated in the formation of two carbon- 
oxygen bonds (in carbon dioxide) and four hydrogen-oxygen bonds (in the two 
water molecules) is greater than that required for the breaking of four carbon- 
hydrogen bonds (in methane) and two oxygen-oxygen bonds (in the two oxygen 
molecules). 


7.2 Heat of Reaction 


The amount of heat evolved or absorbed during a chemical reaction (more 
specifically, the amount shown in the balanced equation for the reaction) is known 
as the heat of reaction. It is denoted by the symbol AH (where A, the Greek letter 
delta, means ‘difference’) and is measured in joules (J) and kilojoules (kJ). 
If a reaction is exothermic, heat is evolved to the surroundings and AH is 
negative. Conversely, in an endothermic reaction AH is positive. ' 
To illustrate this convention, let us consider the combustion of methane, which 
we know from Section 7.1 to be an exothermic reaction. One mole of methane 
combines with two moles of oxygen to produce one mole of carbon dioxide and 
two moles of water, and 890-3 kJ of heat is evolved. Thus AH is minus 890-3 
kJ mol~', and we can write the equation for the reaction as follows: 
CH) +20 24g) > CO2 2H20 
AH = —890:3kJ mol! 
A simple energy diagram for the combustion of methane is shown in Fig. 7.1. 
The decomposition of ammonia gas (NH,) to nitrogen and hydrogen is an 
example of an endothermic reaction. The heat of reaction is therefore positive, and 
the equation for this reaction can be written as follows: 


2NH3 > Na+ 3H 
AH = +928 kJ mol! 
A simple energy diagram for the decomposition of ammonia is shown in Fig. 7.2. 
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CHaig) + 202 (g) 


AH is negative (heat is liberated to 
the surroundings) 


Energy 


Course of reaction (reactants —- products) 


Fig. 7.1 Energy diagram to illustrate an exothermic reaction: energy of 
the products is less than the energy of the reactants, so AH is negative 


Every chemical change represented by an equation has a heat of reaction. It is 
often convenient to categorize this heat of reaction according to the type of 


The heat evolved in the complete combustion of one mole of a particular 
Substance is often referred to as the heat of Combustion, and is denoted by the 


Symbol AH, iie. The heat of combustion of a flammable liquid can be 
determined by the following method. 


Natg) + 3 Hog) 


^H is positive (heat is taken from 
the surroundings) 


Energy 


Coi 
Fig. 7.2 Energy 


urse of reaction (reactants—» Products) 
diagram to illustrate an endothermic reaction 
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Copper spiral 


Fig. 7.3 Heat of combustion apparatus 


Experiment 7.1 Determination of the heat of combustion of methanol (CH ,OH) 
The combustion of methanol 


CH4,0H,--1305, ^ CO; -2H20(g 


is an exothermic reaction, and AH is negative. The experiment consists of burning 
a known mass of methanol, using the apparatus shown in Fig. 7.3, and measuring 
the consequent rise in temperature in order to determine the quantity of heat 
evolved. 

First the heat capacity of the apparatus is determin 
required to raise the temperature of the apparatus by 1 
by adding the individual heat capacities of the various com 
apparatus. Thus: 


ed, i.e. the heat energy 
°C. It can be calculated 
ponents of the 


— mass of vessel x specific heat capacity 


Heat capacity of the glass calorimeter 
of glass 


= 3136gx326Jg ^! K^! 
= 1022JK"! 


142 Success in Chemistry 


Heat capacity of copper spiral = mass of spiral x specific heat capacity of copper 
= (203-0 x 0:38) 
STIRE 


Heat capacity of brass stirrer = mass of stirrer x specific heat capacity of brass 
= (28-2 x 1-55) 
—44JK^! 


Heat capacity of apparatus = (1022--77--44) JK ^! 
—1143JK^! 


Next, the calorimeter is filled with water so that the upper coil of the copper 
spiral is covered, and the volume of water recorded. A sensitive thermometer is 
placed in the water so that the bulb is just above the inner calorimeter vessel. ; 

The methanol is placed in a small spirit burner, which is then weighed. Air is 
drawn through the copper spiral, using a water pump, and the burner lighted. 
When a temperature rise of approximately 5?C is obtained, the burner is 


extinguished and the maximum temperature recorded. The burner is again 
weighed to determine the mass of methanol used. 


Results 

Mass of burner and methanol before experiment — 13:642 g 
Mass of burner and methanol after experiment = 12:777 g 
-. mass of methanol used = 0-865 g 
Mass of water 546 g 
Initial temperature of water = 29:9°C 
Final temperature of water = 29-4°C 
-. temperature rise = $5"C 


Calculation 


Heat capacity of calorimeter = 1143 JK ^! 


Heat capacity of water — mass of water x specific heat capacity of water 


= 546 x 4-18 
= 2282 JK"! 
Total heat capacity 


heat capacity of calorimeter+-heat capacity of 
water 

(1143--2282) JK^! 

—3425JK^! 


Il 


Heat change in reaction = total heat capacity x rise in temperature 
= 3425 5.5) 


= 18840 J 
Hence, in this experiment, 0-865 g of methanol evolved 18840 J on complete 
combustion. By simple Proportion, 1 g of methanol would evolve 


18 840 


0-865 
he 
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One mole of methanol is 32 g, and the complete combustion of 32 g of methanol 
would evolve 


18 840 
0-865 
= 697 kJ 


32x — 697 000 J 


Therefore the heat of combustion of methanol is 
AH combustion = — 697 kJ mol"! 


(The theoretical value is — 726-3 kJ mol!) 

This experiment can be repeated for other alcohols such as ethanol 
(CH,CH,OH), propan-1-ol (CH,;CH,CH,0H) and butan-1-ol (CH3CH,CH2 
CH,OH). In a series such as this it is found that the heat of combustion increases 
as the number of carbon atoms in the molecule increases. 


7.4 Heat of Solution 


When an ionic solid is dissolved in water there is usually, but not always, a change 
in temperature. This can be explained by taking into account two completely 
separate energy phenomena which occur during the process of solution. 

(a) Energy is absorbed in bond-breaking processes. This energy is required to 
break the ionic bonds within the crystal lattice; it is called the lattice energy. 

(b) Energy is liberated in bond-forming processes. This energy is evolved when 
the free ions react with water molecules to become hydrated; it is called heat of 
hydration. 

Both phenomena occur simultaneously, and whichever is the greater will 
determine whether the solution process is exothermic or endothermic, i.e. whether 
the heat of solution is negative or positive. 

These effects can be observed when a few grams of the following substances 
are added to 50 cm? of water in a beaker. The solution is stirred with a ther- 
mometer and any temperature difference noted. 

(i) Sodium ethanoate (sodium acetate) causes à temperature drop (a7 b). 

(ii) Anhydrous copper(11) sulphate causes à large rise in xri 

>a). 


(iii) Sodium chloride causes little change in temperature (a and b similar). 


7.5 Heat of Neutralization 


een an acid and a base. Essentially, it is the 


Neutralization is the reaction betw 
formation of a bond between Hi, from the acid and OH(;, from the base (see 


Unit 8): 
Hi tOH ea ^ H20% 


Since bond-forming processes liberate energy. all acid-base reactions are 


exothermic. 
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Heat of neutralization of an acid by a base is the amount of heat liberated when 
one mole of hydrogen ions (Hi) from an acid reacts with one mole of 
hydroxide ions (OH) from a base. 

Where both the acid and base are strong, it is always found that the heat of 
neutralization approaches a constant value of 57 kJ liberated. This is to be 
expected bearing in mind that one mole of any strong monobasic acid (see 
Section 8.8) produces one mole of hydrogen ions which can be neutralized by one 
mole of hydroxide ions from a strong base. 


Hog +OH@y > HOn 
AF peutratization = —573kJ mol^! 


Where either the acid or the base (or both) is weak, the heat of neutralization 
is found to be less than 57 kJ. If the acid is weak its solution will not contain many 
hydrogen ions, and energy will therefore be used to liberate hydrogen ions from 
the undissociated acid in order to make them available for reaction with OH, 
ions. An example of such a neutralization is the reaction between ethanoic 
(acetic) acid, a weak acid, and sodium hydroxide, a strong base: 


CH;COOH,,,) +Na+* OH, > CH;COO “Naka - H0 
AHneutratization = — 56-1 kJ mol`! 


Experiment 7.2 Determination 
strong base 


The apparatus required is shown in Fig. 7.4. 100 cm? of 1 M hydrochloric acid is 
measured into an expanded-polystyrene cup, and 100 cm? of 1 M sodium 
hydroxide solution is measured into a second polystyrene cup. When the two 
solutions have reached the same temperature the thermometer reading is noted. 


Then the Sodium hydroxide is added to the acid, the mixture is quickly stirred 
and the highest temperature recorded. 


of the heat of neutralization of a strong acid with a 


Polystyrene cover 


Colorimeter 
(polystyrene cup) 
Acid plus 
alkali 


Fig.7.4 Heat of neutralization apparatus 


Results 
Initial temperature of both aci 

1 acid and base = 51.5» 
Final temperature of mixture 3 = ^ 3m 
-. rise in temperature A ao 


37°C 
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Calculation 
The heat capacity of the calorimeter is ignored in this experiment because the 
mass of the polystyrene cup used as a calorimeter is small compared with that of 
the solution. 
The specific heat capacity of the solution is assumed to be the same as that of 
pure water, approximately 4-2 joules per gram per degree Celsius. 
Heat capacity of solution = mass of solution x specific heat capacity of solution 
= (200 x 4-2) 
= 840JK^! 
Heat change in reaction — heat capacity of solution x rise in temperature 
= (840 x 5-7) 
= 4788 J 


Thus the amount of heat liberated when 100 cm? of 1 M H*CI~ neutralizes 
100 cm? of 1 M Na*OH-' is found to be 4788 J. 

Since a 1 M solution contains one mole of substance dissolved in 1000 cm? 
or 1 dm? (see Section 3.7), it follows that 100 cm? of a 1 M solution contains 
0-1 mole of substance, and we can write. 


4788 J is liberated in the neutralization of 0-1 mole H*CI~ by 0-1 mole 
Na*OH^ 
<. 47 880J is liberated in the neutralization of 1 mole H*CI^ by 1 mole Na*OH™ 


Therefore the heat of neutralization of hydrochloric acid by sodium hydroxide 
is 


AH euratization= —47:9 kJ mol^! 


(The theoretical value is — 57:3 kJ mol.) 


7.6 Heat of Precipitation 


When a colourless solution of silver nitrate is added to a colourless solution 
of sodium chloride a white precipitate of silver chloride is formed. A ther- 
mometer held in the solution shows a rise in temperature, indicating an ex- 
othermic reaction. The reaction is 


Aga; t NO Sag) t Naia + Clag > Ag* Cl - Nau + NO Sig) 
LLL cm u—_ m 


in solution in solution in solution 


The Nag.) and NO; ions take no part in the reaction: they are simply 
'spectator' ions. Thus the precipitation can be represented essentially by the 
following ionic equation: 


Agia Clay > A£' Clo 
Like all bond-forming processes, the formation of the ionic bond in Ag* Cl, 


p" Y. 


» 
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is an exothermic reaction, and the liberation of heat is indicated by the negative 
value of the heat of precipitation: 


Agaa + Clan > Ag* CI 


AFbrecipitation = —65-7 kJ mol^! 


All precipitation reactions in aqueous solution can be expressed using an ionic 
equation such as this, and all liberate heat. 


7.7 Rate of Chemical Reaction 


So far in Unit 7 we have examined heat changes produced by the breaking and 
forming of chemical bonds of different strengths. Measurable heat changes 
result from fast reactions, such as the Precipitation of silver chloride or the 
burning of gun-cotton. Other reactions, such as the corrosion of metals, are 
comparatively slow, and the heat changes associated with them would be 
difficult to measure. The study of the speeds or rates of reactions, which we 
are about to consider, is a branch of chemistry known as chemical kinetics. 

As a chemical reaction proceeds, reactants are being used up and new products 
formed. The rate of reaction may be expressed in terms of the number of moles of 
reactant converted in unit time or the number of moles of product formed in unit 
time. 


There are four mai 
They are: 

(a) the physical state of the reactants 

(6) the concentration of the reactants 

(c) the temperature of the reactants 

(d) the presence of a catalyst 
Let us consider each of these four effects in turn. 


n factors which influence the rate of a chemical reaction. 


7.8 Rate Dependence on the Physical State of the Reactants 
Manufacturers handling extreme] 
i plosions an 


mixes wit 


y fine powders, flour for example, have to take 
d hence fires. These occur when the fine powder 
h the air. A Spontaneous combustion results 
d explosive, i i akes place because 
an airborne fine il p An explosion of this type takes place 


Ca?* E92 - + - 
39 -2H*Clz., > Cat Cla, -H,04 4. CO, 
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Two pieces of marble of similar size are selected and one of them is ground to a 
fine powder. Each sample is placed in a conical flask half filled with dilute hydro- 
chloric acid. The fine powder reacts vigorously and the reaction is completed ina 
few seconds. In contrast, the single piece of marble shows only slow effervescence 
and the reaction continues for several minutes. 

This is because the fine powder has a greater surface area and exposes more 
particles for reaction with the liquid. Thus a reduction in the particle size leads to 
an increase in the rate of reaction. 


7.9 Rate Dependence on Concentration of the Reactants 


Chemical reactions take place when the appropriate atoms, ions or molecules 
approach and collide with one another. The greater the number of collisions, the 
more rapid will be the reaction rate. Thus increasing the number of particles per 
unit volume (i.e. the concentration) will cause more frequent collisions and hence 
an increase in the reaction rate. This picture of how chemical reactions take place 
is called the collision theory. 

When a burning spill of wood is plunged into a gas jar of oxygen it burns much 
more rapidly than it does in the air. This is because the concentration of oxygen in 
the jar is considerably greater than the concentration in the air. 

The effect of concentration on the rate of reactions in solution can be measured 
by maintaining one of the reactants at a constant concentration and varying the 


Clamp Gas syringe 


Magnesium ribbon 
reacting with 
hydrochloric acid 


Magnesium ribbon 


2M hydrochloric acid 


(b) 


(c) 
the dependence of rate of reaction 


Fig.7.5 Apparatus used in investigating 


on concentration of reactants 
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concentration of the other. Some measurable change is recorded as the reaction 
proceeds. 


Experiment 7.4 Reaction between magnesium ribbon and hydrochloric acid. 
In this experiment we measure the volume of hydrogen liberated when different 


concentrations of hydrochloric acid react with a fixed mass of magnesium 
ribbon: 


Mg, +2H* Clay = Mg’ *Clzan) + Haig) 


The apparatus is illustrated in Fig. 7.5. 
10 cm? of 0-50 M hydrochloric acid is placed in the 250 cm? conical flask 


Results 
A graph is plotted (Fig. 7.6) to show the rate curves (volume of hydrogen against 
time) for the two different concentrations of magnesium. 


O:5M hydrochloric acid 


0:25 M hydrochloric acid 


Volume of hydrogen (cm?) 


| 
I 
| 
I 
l 
| 
1 


2 


3 
Time (minutes) 
Fig. 7. í 
g. 7.6 Rate curves Sor two different concentrations of hydrochloric 
acid reacting with magnesium 


4 5 


= volume/time 
= m/l 


= m cm? per minute 


HN 
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Rate of reaction B = volume/time 
=n/l 
n cm? per minute 


As time passes both curves become progressively less steep, showing that 
the rate decreases. This is because the acid is used up as the reaction proceeds 
and hence its concentration becomes less. Eventually all the acid is used up 
and, as the volume of hydrogen remains constant, the rate curves flatten to a 
horizontal straight line. 

We can conclude from this experiment that the rate of the reaction is directly 
proportional to the concentration of the acid, provided that the magnesium is in 
excess. 


Experiment 7.5 Reaction between sodium thiosulphate and hydrochloric acid 
When hydrochloric acid is added to sodium thiosulphate solution, a precipi- 
tate of sulphur slowly forms: 


Nai S203Gq) + 2H*Claq > Se + 2Na*Claa + H20% + SOz 


The rate of this reaction is directly proportional to the concentration of the 
sodium thiosulphate, provided that the acid is in excess. The time needed for 
a certain amount of precipitate to form can be used to measure the rate of 
the reaction. The reaction flask is placed over a piece of paper with a cross 
on it and the time at which the mark can no longer be seen (owing to the 
turbidity) is noted. A shorter time means a faster reaction rate and therefore 
the rate is proportional to 1/time (1/1). 

45 cm? of 0-15 M sodium thiosulphate solution is placed into a clean dry 
100 cm? flask and the flask placed over a cross marked on a paper. 5 cm? of 
2 M hydrochloric acid is added and the time taken for the cross to disappear 
is noted. 

The experiment is repeated using different volumes of sodium thiosulphate 


Concentration of thiosulphate 


Reaction rate (1/time) 


Fig. 7.7 Relationship between rate of reaction and concentration 
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solution in the same flask. The total volume before the 5 cm? of acid is added 
is always kept constant at 45 cm? with water (for example, 40 cm? thiosul- 
phate plus 5 cm? water, or 20 cm? thiosulphate plus 25 cm? water). 


Results 


The straight line graph shows the direct relationship between the rate of 
reaction and the concentration of sodium thiosulphate. 


7.10 Rate Dependence on Temperature 


For almost all chemical reactions, the rate of the reaction increases with rise in 


temperature. Once Started, exothermic reactions are self sustaining. The rate 
increases as the heat produced by the reaction 


increases, The rate of collisio, 


rticles collide, however, they do not necessarily react to 
ision requires a certain amount of energy before reaction 
‘ar temperature not all particles have the same kinetic 


kinetic energy 


Number of particles with a given 
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energy. Those with high energy will be moving rapidly and collisions involving 
these are likely to be effective in producing reaction. Particles with low kinetic 
energy will be moving slowly and collisions involving these are not likely to 
produce reaction. 

Raising the temperature increases the kinetic energy of the particles and there- 
fore the number likely to be effective in producing reaction will be increased (see 
Fig. 7.8). 

From Fig. 7.8 it can be seen that increasing the temperature from T, to T; 
produces a large increase in the number of particles having kinetic energy greater 
than the value E,. This value E, is the minimum kinetic energy required if two 
particles are to react to form products, and is called the activation energy. 

Consider the exothermic reaction: 


A+B = C+D (AH is negative) 


Fig. 7.9 illustrates the activation energy E for the forward reaction A+B ^ 
C+D. 


A+B 


(net energy 


pz 


Course of reaction (reactants products) 


Fig. 79 Activation energy Ea is the minimum kinetic energy which the 


reacting particles must have if they are to form products 


oducts they must have activation energy 


In order for the reactants to form pr s 
E,. The reactants are at a higher energy than are the products. There will therefore 


be a net release of energy indicated by AH in Fig. 7.9. 

The endothermic reaction C+D — A+B would be very slow because the 
energy barrier for this reaction is so large (activation energy is E,-- AH) that very 
few particles would possess this amount of energy. i ^ 

By using the reaction between fixed concentrations of sodium thiosulphate 
and hydrochloric acid it can readily be shown that the reaction rate increases 
with rise in temperature. The time taken for the turbidity to appear 1s very 
much shorter at higher temperature than at low ones. à 

For most chemical reactions, it is found that the rate is approximately doubled 


for every 10?C rise in temperature. 
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7.11 Rate Dependence on Catalysts 


A catalyst is a substance which alters the rate of a chemical reaction but remains 
chemically unchanged at the end of the reaction. Those which increase the Teac- 
tion rate are called positive catalysts, while those which slow the reaction are 
called negative catalysts or inhibitors. 

Although the mechanism of catalysts is often obscure, the ability of certain 
Substances to catalyse reactions used in the production of ‘heavy’ chemicals is a 
vital factor in their economic manufacture. Examples of important catalysts in 
the chemical industry include vanadium(v) oxide (vanadium pentoxide) in the 
manufacture of sulphuric acid, and finely divided iron in the manufacture of 
ammonia gas. Indeed the list is almost endless and numerous references to the use 
of catalysts will be found in later Units. 


: The effectiveness of a catalyst can be investigated in the laboratory by consider- 
ing the decomposition of hydrogen peroxide: 
2H20 4404) > 2H,0,)+ Ox) 


Experiment 7.6 The cat 
(a) Apparatus similar t 
of dilute hydrogen peroxi 


alytic decomposition of hydrogen peroxide 

o that illustrated in Fig. 7.5 is set up. A known volume 
de solution is measured into the conical flask and to it i 
àmount of manganese(tv) oxide (Mn** O2 -). The volume 
of oxygen liberated is recorded at regular intervals by reading the syringe. 

The experiment is then repeated using other substances to test their catalytic 
Properties. It is found that of the materials added none is more efficient than 
manganese(tv) oxide as a catalyst in this decomposition, 


(b) A known volume of dilute hydrogen peroxide solution is poured into the 
conical flask and a small weighed amount of manganese(Iv) oxide is added. The 
total volume of Oxygen liberated is r 


The ro} i : : 
by werh th AI P ve Deed tat TV pU ERR 
energy for th i i 
Although the Catalyst lowers t Spel eh 710. 


reaction (AH) is unaltered, doxes MEI e heat change for the 


7.12 Reversible Reactions 
When heating a of 
100°C and the as belii e temperature gradually rises until it reaches 


il. Boiling occurs with the rapid evolution of 
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E; (no catalyst) 


aed 


A+B 


Energy 


(net energy 
released for both 

catalysed and 
uncatalysed reaction) 


CtD 


Course of reaction (reoctonts-* products) 
Fig.7.10 The effect of a catalyst on activation energy 


steam, and much of this steam condenses on the cool pan lid into droplets of water 


which fall back into the pan. 
This change of state is plainly reversible, and can be summarized by the 


equation: 
H0, = H20% 


The sign = indicates that the reaction can be made to proceed in either direction 
simply by altering the conditions. Although not a chemical reaction this is a good 
example of a reversible process. 

When blue copper(i) sulphate crystals are heated they lose their water of 
crystallization, leaving white anhydrous copper(i) sulphate. If water is added 
to this white powder (after it has cooled), the blue colour immediately returns 
and heat is liberated. This indicates that the reverse reaction (hydration) is taking 
place. This reversible reaction, in which the products formed are capable of react- 
ing with each other to re-form the original substance, can be summarized by the 
equation: 

Cu?* SOj .5H;0,, = Cu? * SO -5H;0q 

Most chemical reactions can be considered as being theoretically reversible. 
Quite often, however, the change is largely in one direction only, and it is then 
signified by an arrow. For example, the burning of magnesium in oxygen is 
written: 


2Mg,- Or) > 2Mg'* OG 


to indicate that, to all intents and purposes, the reaction goes to completion. 


7.13 Equilibrium 


When solid iodine is added to an ethanol-water mixture and stirred, the 
colourless liquid turns yellowish and the colour gradually deepens to a reddish 
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brown as the iodine dissolves, Eventually a stage is reached when the solution has 
become saturated and no more iodine seems to dissolve. The system is said to be 
at equilibrium. In order to discover something about the nature of this equilibrium, 
some solid radioactive iodine is added to the saturated solution. 

After a while some of the saturated solution is decanted from the solid and 
tested for radioactivity with a Geiger counter. The test is positive, showing that 
some of the solid radioactive iodine atoms must have gone into solution—even 
though the solution was already saturated, Moreover, if some non-radioactive 
iodine crystals are added to à saturated solution containing radioactive iodine, 
they become radioactive. Evidently crystals are still dissolving and, at the same 
time, re-forming despite the fact that the system is in equilibrium. 

Thus at equilibrium reaction does not stop. The system is in a dynamic (moving) 
State, continually changing from reactant to product and vice versa. The 
equilibrium of the iodine system discussed above is indicated by the following 
reversible reaction, in which the rates of the forward and backward reactions are 
equal: 

L = I, 
Solid dissolved 


Effect of Changes in Concentration on the Equilibrium State H 
When dilute hydrochloric acid is added to a yellow solution of potassium 
chromate(v1), an orange solution of potassium dichromate(vi) is produced: 


IK Croke +2H* Ciz) > Kf Cr o2 +2K* igy HiO 
or 


2CrOS, 2H. > Cro s, E H0, 
yellow orange 


Initially the rate of this reacti i ; > f 
eactio; ns o 
chromate(v1) ion Hn n will be proportional to the concentratio 


hydrogen ion, and it d h ntrations of 

ch ] R E ecreases as the conce 

boi sees son and hydrogen ion decrease. The reverse reaction can occur as 
; Ichromate(v1) ion is formed in Solution. The rate of this reverse reaction 

will be slow at first, bu 


A tit will incre: ; » vi) and 
Water increases, 4; equ ase as the concentration of dichromate(vi) 
The equation can 


ilibrium the rat 
thus be written: 

2Cr0},, 
yellow 


es of the two reactions will be the same. 


) + 2H aa = Cr,03,,,+ H209 
orange 


Ydrogen ion (by add 
lof hydrogen ion (by 
ow. The equilibri: 
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Fee, + SCNa, = FeSCN2i) 
iron(1) ion — thiocyanateion ^ monothiocyanato- 
(pale brown) (colourless) iron(ii) ion 

(blood red) 


The blood-red colour deepens on the addition of either iron(m) ion, e.g. from 
iron(i) nitrate, or thiocyanate ion, e.g. from potassium thiocyanate. It 
becomes paler if the concentration of either (or both) of these reactants is 
decreased. 


Effect of a Catalyst on the Equilibrium State 

The addition of a catalyst to a system at equilibrium does not alter the 
equilibrium state. It simply alters the rate of both the forward and backward 
reactions so that the equilibrium condition is reached more quickly. 


Effect of Temperature on the Equilibrium State 

Variation in temperature affects the equilibrium concentrations. For an exother- 
mic reaction, the addition of further heat tends to inhibit the reaction and 
decrease the concentration of products; for an endothermic reaction, the addition 
of heat encourages the reaction and increases the concentration of the products. 


Summary of Unit 7 


1. Energy changes accompany all chemical reactions. 

2. In exothermic reactions energy is released; in endothermic reactions energy is 
absorbed. 

3. The heat of reaction AH is the amount of heat evolved or absorbed during a 
chemical reaction. AH refers to the amounts shown in the balanced equation 
for this reaction. 

4. Heat of combustion is the heat evolved in the complete combustion of one 
mole of a substance. 

5. Heat of solution of one mole of an ionic solid is the energy difference between 
the bond-breaking processes which use up energy and the bond-forming 
processes which liberate energy. 

6. Heat of neutralization of an acid or base is the heat evolved when one mole of 
hydrogen ions (H,*) or one mole of hydroxide ions (OH,;) is neutralized. 
For strong acids reacting with strong bases, the value is always about 
57.3 kJ mol” !. 

. The rate of a chemical reaction indicates how quickl 
and products are being formed. 

8. Reaction rate is influenced by (a) t 

concentration of the reactants, (c) the temperature 


presence of a catalyst. ble of 
. A reversible reaction is one in which the products formed are capable o 


reacting with each other to re-form the original reactants. 
10. Chemical equilibrium is a state of balance in which the rates of the forward 


and backward reactions are equal. 


y reactants are being used 


N 


he physical state of the reactants, (b) the 
of the reactants and (d) the 


o 
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11. At a given temperature, a change in concentration of the reactants will alter 
the equilibrium concentration of the products. 

12. The addition of a catalyst to a reaction alters the rate of both the forward and 
backward reactions but it does not alter the equilibrium state. 

13. Variation in temperature affects the equilibrium concentrations. 


Test Yourself on Unit 7 


1. When solid ammonium chloride dissolves in water, a decrease in temperature 
results. Is this type of reaction called (a) neutralization, (b) exothermic, (c) endo- 


thermic, or (d) double decomposition? 
2. Explain Why the reaction between anhydrous copper(ir) sulphate and water 
is exothermic. 


3. State three means by which the rate of a chemical reaction may be increased. 


e The curves in the graph show the volume of hydrogen evolved during the 
reaction between zinc and hydrochloric acid at 20°C. Curve I is obtained when 
0-13 g of zinc reacts with 10:0 cm? of 1 M hydrochloric acid. Curve II is 


obtained When 0-13 g of zinc reacts with 10-0 cm? of 1 M hydrochloric acid 
in the presence of Cy2+ ions, 


Volume of hydrogen 


Time 
(a) Write a bala; 
Cu?* ion, 


need equation for the reaction taking place in the absence of 
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(g) The Cu?* ions increase the total volume of hydrogen liberated: True or 
False? 

(h) Finely powdered zinc increases the rate of reaction: True or False? 

(i) Finely powdered zinc increases the volume of hydrogen liberated: True or 
False? 

(j) Increasing the volume of hydrochloric acid increases the volume of 
hydrogen produced: True or False? 

(k) The presence of Cu?* ions increases the activation energy for the forward 
reaction: True or False? 

() Increasing the temperature to 40°C doubles the volume of hydrogen 
liberated: True or False? 


5. When dilute hydrochloric acid is added to a yellow solution of potassium 
chromate(vi) an orange solution of potassium dichromate(vi) is produced: 


Kj CrO$ , + H* Cla, = Ki Cr Os, tK" Clo, H;09 


(a) Which of the following sets will balance the equation: 
() 1 1 4, 2. 


(02, 2, 1. Lh. | 
(n) 2. 1, 1, 2, 1 
Gy) 2. 2, 1, 2, 1 
(02. 2, 2 1 1 


(b) What would you observe if dilute sodium hydroxide solution was added 
to the orange solution? Give a reason for your answer. 


Mark this test out of 20 with the answers given on page 375. 


Unit Eight 


Classification of Matter |: Acids, Bases 
and Salts 


The pH scale 


BASES 
Alkalis 


Solubility 


[san hydrates | Efflorescence [sar preparations ] 


Deliquescence 


‘Heavy’ chemicals are those manufactured on a large scale, and prominent among 
them are acids such as sulphuric and nitric, alkalis such as sodium hydroxide 
and ammonia, and the salts ammonium sulphate and sodium carbonate. This 
Unit looks at the chemistry of such compounds, paying particular attention 
to the properties of acids and bases, the role of the solvent in acidity, 
volumetric analysis and the preparation of salts. 


8.1 Acids and Alkalis 


the word ‘alkali’ comes from the Arabic, al-galiy, meaning ‘treated ashes’. 


insoluble substances can destroy or neutralize 
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the characteristic properties of an acid. The collective name given to all these 
substances, including alkalis, is the word base. A base is a substance which can 


neutralize an acid. 


8.2 Detecting Acidity and Alkalinity 


Solutions of acids and alkalis change the colour of certain dye solutions such as 
litmus (a mixture of dyes extracted from lichens), red-cabbage juice, flower-petal 
extracts and many others. Dye solutions which change colour in the presence of an 
acid or an alkali are called indicators. 

Different indicators give various colour changes when added to an aqueous 
solution of an acid or base. Universal indicator is a mixture of several indicators 
and gives a spectrum of colours, each one being characteristic of the degree of 
acidity or alkalinity of the solution to which it is added. Degrees of acidity and 
alkalinity are conveniently represented by numbers on a scale running from 0 to 
14; this is called the pH scale* (see Table 8.1). 


Table 8.1 The pH scale 


pH scale 9 4-2 3 4 5 (Gy 7c EE IONS 13 14 
Colour of Eu E i 
Universal | «——-—Red-—— Orange 2 8 3 2«———-Purple——— 
Se v zm 
indicator > 0 8 
- E 
Increasing acidity Increasing alkalinity 
Rema 


In the range 0 to 7, the lower the pH value the more acid the solution; in the range 
7 to 14, the greater the pH value the more alkaline the solution. Thus a solution 
having a pH value of 2 will be more acid than one having a pH value of 4, and a 
solution with a pH value of 14 will be much more alkaline than one having a pH 
value of 8. A solution which is neither acid nor alkaline has a pH value of 7 and is 
said to be neutral: this is the pH value of pure water. 

In the following experiment the acidity or alkalinity of different oxides dissolved 
in water is tested with Universal indicator. In particular we test those oxides 
which were prepared by burning elements in oxygen (see Unit 6). 


Experiment 8.1 Acidity and alkalinity of oxides x : m. 
Gas jars containing samples of gaseous oxides are shaken with a little distilled 
water, and the resulting solutions are transferred to separate test tubes. Small 


* Acidity is closely related to the concentration of hydrogen ion [H;;] in the solution. The pH value 
of a solution is defined as —log,o[H,q], i.e. minus the logarithm (to base 10) of the hydrogen-ion 
concentration. For our present purposes the definition is less important than the fact that it offers a 


useful scale for measuring acidity and alkalinity. 
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quantities of other oxides are placed in test tubes which are half-filled with 
distilled water, and shaken. 

About 5 drops of Universal indicator are added to each oxide solution and the 
colour produced compared with standard colours on the Universal indicator 
bottle. Thus the acidity or alkalinity of each solution is easily determined, 


Observations 
Oxide Colour of indicator | Conclusion 

| Water H,O "l green neutral 
Calcium oxide Ca? +02- purple alkaline 
Magnesium oxide Mg?+02- | purple alkaline 

| . 
Sodium peroxide Na#O3~ purple alkaline 
Iron(n) di-iron(i) oxide Fe,O, green (does not neutral 

dissolve) 

ie sy: 
Sulphur dioxide SO, red acidic 
Carbon dioxide CO, | orange weakly acidic 

I Phosphorus(v) oxide P404, red acidic 

L 


Conclusion 
When dissolved in water, the oxides 
phosphorus produce acid solutions, 
magnesium and sodium give alkaline 


of the non-metals sulphur, carbon and 
while the oxides of the metals calcium, 
solutions. 


8.3 Classification of Oxides 


Experiment 8.1 provides th 
(a) Acidic oxides. Ox: 
solution. For example; 


he basis for theclassification of oxides. These classes are: 
ides of non-metals dissolve in water to give an acid 
(i) sulphur dioxide gives sulphurous acid 

80;,--H50, > H2SO$,,, 
(ii) sulphur trioxide (sulphur(vi) oxide) gives sulphuric acid 


8054, -- H0, >H} SOl 
(iii) phosphorus(v) oxide (phosphorus pen 


"Y 


toxide) gives phosphoric acid 
P4104 -6H,0, ~ 4Hj POZ. 
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Thus sulphur dioxide, sulphur trioxide and phosphorus(v) oxide are all acidic 
oxides. 

(b) Neutral oxides, These—as their name suggests—give neither an acid nor 
an alkaline solution when dissolved in water. They are not capable of neutralizing 
an acid or a base. Examples are water H20, carbon monoxide CO, nitrogen 
monoxide NO, and dinitrogen oxide N20. 

(c) Basic oxides. These are all oxides of metals. Only a few of them dissolve in 
water (giving a strongly alkaline solution of the hydroxide), but they are all 
capable of neutralizing an acid. For example: 


(i) Sodium oxide dissolves in water, producing much heat and giving the 
alkali sodium hydroxide: 


Naz 055--H504 > 2Na* OH 
Sodium oxide will also neutralize an acid, e.g. hydrochloric acid: 
Naz O55 +2H* Clay > 2Na* Cl aq) +H20¢) 


(ii) Copper(1) oxide does not dissolve in water but is a basic oxide because 
it neutralizes an acid, e.g. dilute sulphuric acid: 

Cu? +O + Hz SO%~q) > Cu?* SO2 4, +H20q) 

In general, all oxides are acidic, basic or neutral; there are some oxides, how- 
ever, which show additional properties necessitating further classification. 

(d) Amphoteric oxides display properties which are both acidic and basic. 
Examples include aluminium oxide (A3 *O3^) and zinc oxide (Zn2$02). 
These are discussed in Unit 9. 

(e) Peroxides liberate hydrogen peroxide (H202) with an acid. Examples 
are sodium peroxide (Na3O3~) and barium peroxide (Ba?* O3). When ice-cold 
dilute sulphuric acid is added to barium peroxide, white barium sulphate is 
precipitated and a dilute solution of hydrogen peroxide is formed: 


Ba?* O25-- Hi SOZjq) > Ba?*SO%5+H20 2100) 


(f) Compound oxides behave chemically as a combination of two metal oxides. 
For example, iron(m) di-iron(m) oxide FeO, behaves as if it were 
Fe?* O?- Fe* O2-, and dilead(u) lead(ıv) oxide Pb,O, behaves as if it were 
(Pb?*O?-),. Pb**Oj-. 


8.4 Properties of Acids and Bases 


The properties of acids and bases can be used to provide us with an operational 
definition of these terms. 


(a) Acids 

(i) All acids have a sour taste. It is dangerous to taste unknown acids but we are 
fanfiliar with the sharp taste of vinegar (ethanoic or acetic acid) and the acids in 
citrus fruits (citric and ascorbic acids). 


162 Success in Chemistry 


(ii) Acidic solutions change the colour of Universal indicator to show a pH value 
less than 7. 

(iii) They react with a carbonate or hydrogencarbonate to liberate carbon 
dioxide. When dilute hydrochloric acid is added to calcium carbonate or 
sodium hydrogencarbonate, a rapid effervescence is seen. The gas which is 
evolved can be identified as carbon dioxide by the fact that it turns lime- 
water milky. 

2H* Cl ey - Ca?* CO25 + Ca?* Clg a - CO, +H 0p) 
H*Claq+Na*HC0;,, > Na*Cl,, 4-CO;, -H;0,, 


(iv) Acids are neutralized by a base. If sodium hydroxide is carefully added 
to a solution of hydrochloric acid containing Universal indicator, the colour 


H*Clqq)+Na*OH,,, > Na*Clqqy+H20y 
For any acid/base reaction we may write: 


ACID+BASE — SALT-++ WATER 
(b) Bases 
Most bases are either oxides or hydroxides of metals. The only property common 
to all bases is their ability to neutralize an acid. For example, insoluble black 


Copper(r) oxide neutralizes Sulphuric acid, producing a blue solution of the 
salt Copper(i) sulphate: 


HjSO$,, + Cuit ORs = Cu?* S02, -- H0, 
Similarly the bases Sodium hydroxide (Na 
(Mg (OH 7);) and calcium oxide (Ca? *92- 
salt and water only. 

Soluble hydroxides of metals are also called alkalis. Examples include 
fae hydroxide (Na*OH-), potassium hydroxide (K"*OH ^) and calcium 
o Toxide (Ca (OH~),). All alkalis are so classified because they provide 

(aq) tons as the only anions in aqueous solution. For example: 


Na*OH5 > Nag.) +OH, 
Aqueous ammonia, although it i 
alkali because of the following 


*OH-), magnesium hydroxide 
), will neutralize acids to form a 


aq) 
5 not a metal hydroxide, can be classified as an 
Teaction with water: 
NHs H,O, = NH gq) OHG) 
ammonium ion 
In addition to th 
Properties: 


(i) they feel Breasy or soapy when 


eir ability to neutralize an acid, alkalis have the following 


dissolved in water 
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(ii) their solution in water changes the colour of Universal indicator to show a 


pH value greater than 7 
(iii) they liberate ammonia when warmed with an ammonium salt: 


NH}C15+Na* OH, > Na*Claq+NHs+H20w 


8.5 Acids and Bases in More Detail 


Svante Arrhenius (1859-1927), a Swedish scientist, received the Nobel Prize in 
Chemistry in 1903 for his work on the dissociation theory of acids, bases and 
salts. Arrhenius postulated the existence of ions in aqueous solutions. As early as 
1884 he suggested that substances which yield hydrogen ions in aqueous solution are 
acids. Hydrogen chloride gas yields hydrogen ions in aqueous solution as follows: 


HCl, > Hig Clo 


The solution is an acid, it is in fact hydrochloric acid. Similarly, nitric acid 
yields hydrogen ions in solution: 


HNO > Hoag + NO 5a) 


Substances giving hydroxide ions, OH(, in aqueous solution are bases according 
to Arrhenius’ theory. For example, sodium hydroxide and potassium hyd- 
roxide yield hydroxide ions as follows: 


NaOH, > Na, + OH aa) 
KOH.) > Kia t+ OH ew 


A neutralization reaction between any acid (a source of Hii) and any alkali (a 
source of OH,,,) is the combination of hydrogen ions and hydroxide ions to form 
water molecules, and can be written: 


Hio + OH > H20 


One of the problems faced by J. N. Brónsted in Denmark and T. M. Lowry in 
England (1923) was the nature of the hydrogen ion Hi. This problem can be 
illustrated by looking closely at the acidity of hydrogen chloride. If dry hydrogen 
chloride gas is dissolved in dry methylbenzene (toluene), the solution shows no 
acidic properties and is non-conducting. No ions are present in this solution. ; 

When hydrogen chloride is dissolved in water, the solution gives an acid 
reaction with carbonates and allows an electric current to pass through it with 
decomposition taking place at the electrodes. i 

If the solution of hydrogen chloride in methylbenzene is shaken with water, the 
methylbenzene and water form two layers. The lower aqueous layer displays all 
the properties of the hydrogen chloride/water solution, showing that some of 
the hydrogen chloride has passed into the aqueous layer. WOES 

Thus the water must play some part in the acidity of hydrochloric acid. We 


believe that the hydrogen ion is hydrated by a water molecule to form an oxonium 
ion H0, 


Hig + H20% > H30%q) 
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and that hydrogen chloride dissolves in water as follows: 


HCl, -H;04 > H305, + Cla 


(aq) 
This is in line with the Brónsted-Lowry definition of an acid as any substance 
consisting of molecules or ions that donate protons. Similarly, a base may be 
regarded as an acceptor of protons. In the above reaction the hydrogen chloride 
donates a proton (H*) to a water molecule and is therefore an acid. 

Any compound releasing hydroxide ions must be a base, because the hydroxide 
ion is capable of accepting a proton to form water: 


OH; + H306,) > 2H;00 
Similarly, ammonia is a base capable of accepting protons: 
NH3(_)+H20q > NH diag) + OH. 


(aq) 
The base (NH;) accepts a proton from the water. 
Although we appreciate that an acid donates a proton to a water molecule it is 
often convenient to write the hydrated proton simply as Hj. 


8.6 Quantitative Reaction between Acids and Bases: 
Volumetric Analysis 


Progressive addition of an alkali to an acid, or vice versa, is called a titration and 
enables us to compare the concentrations of acid and alkali solutions. A 
titration is carried out in the presence of an indicator, such as methyl orange or 
phenolphthalein, which shows by its change in colour the point at which neither 


acid nor alkali is present in excess. Table 8.2 illustrates the colours of common 
indicators in acid and alkaline solution. 


Table 8.2 Common indicators 


Indicator Colour in acid Colour in alkali 
Methyl orange red yellow 
Bromothymol blue yellow blue 
Litmus red blue 
Phenolphthalein colourless red 

Definitions 


A standard solution is one 
of a solution is expresse 
number of moles of sol 
solution. Table 8.3 show: 
(1000 cm?) of a on 
bonates. 

Using these values it is Possible to calculate 
make any given volume of a standard solution, 


a 


in which the concentration is known. Concentration 
d in terms of molarity, Molarity is defined as the 
ute dissolved in one cubic decimetre (1000 cm?) of 
5 the mass of each substance required to make 1 dm? 
e-molar solution of some common acids, alkalis and car- 


the mass of material required to 
as in the following examples. 
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Table 8.3 Molar mass of acids, alkalis and carbonates 


Substance Formula Mass of 1 mole (in grams) 
Hydrochloric acid HCI 1+35-5 = 365 
Sulphuric acid HiSOji- 24-324- (4 x 16) = 98 
Nitric acid H*NO; 12-14 4-(3 x 16) zm 63 
Sodium hydroxide Na*OH^ 23--164-1 = 40 
Potassium hydroxide K*OH^ 39+16+1 = $6 
Sodium carbonate NajCOi- (2x 23)+12+(3 x 16) = 106 
Sodium hydrogencarbonate Na*HCO; 234+1+4+12+(3x16) = 84 


Example 8.1 What mass of sodium hydroxide is needed to make | dm? 
(1000 cm?) of 0-1 M solution? 


1 dm? of 1 M sodium hydroxide requires 40 g 
hence 1 dm? of 0-1 M sodium hydroxide requires 4 g (Answer) 


Example 8.2 What mass of sulphuric acid is needed to make 250 cm? of 1 M 
solution? 


1 dm? (1000 cm?) of 1 M sulphuric acid requires 98 g 
hence 250 cm? of 1 M sulphuric acid requires 24:5 g (Answer) 


Example 8.3 What mass of sodium carbonate is needed to make 250 cm? of 
0-1 M solution? 


1000 cm? of 1 M sodium carbonate requires 106 g 
hence 250 cm? of 1 M sodium carbonate requires 26:5 g 
and 250 cm? of 0-1 M sodium carbonate requires 2:65 g (Answer) 


Experiment 8.2 Standardization of hydrochloric acid 

‘Standardization’ of a solution means the determination of its concentration. In 
this experiment the solution to be standardized is approximately 0-2 M hydro- 
chloric acid, and the method is to titrate a standard solution of sodium 


carbonate against the acid. 


Step 1: preparation of 250 cm? of 0:1 M sodium carbonate 

As we found in Example 8.3 above, 2°65 g of sodium carbonate is needed to 
make 250 cm? of 0-1 M solution. Exactly 2:65 g of anhydrous sodium carbonate 
is therefore weighed (in a weighing bottle) and transferred to a clean beaker. The 
weighing bottle is carefully washed with distilled water, and the washings allowed 
to drop into the beaker. The solid is dissolved and the solution transferred to a 
250 cm? graduated flask, using a funnel. Care is taken to ensure that all the 
solution is transferred from the beaker. The solution is made up to the mark on the 


flask and shaken well. It is exactly 0-1 M. 
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Step 2: the titration 

A clean, dry 50 cm? burette is filled with the hydrochloric acid above the 0 cm? 
mark. When the tap is opened acid drains from the burette. The level is adjusted 
so that the bottom of the meniscus is level with the 0 cm? mark. 

Using a clean, dry pipette, 25 cm? of the sodium carbonate solution is trans- 
ferred to a clean conical flask. When all the liquid has drained from the pipette the 
surface of the liquid is touched with the tip of the pipette to ensure that exactly 
25 cm? of solution has been taken. A few drops of methyl orange indicator are 
added, the colour noted, and the flask placed directly below the burette (see 
Fig. 8.1). A white tile under the flask enables colour changes to be seen more 
clearly. 

Approximately 15 cm? of acid is allowed to run into the flask, then, shaking 


Bottom of meniscus level 
„with O cm? mark 


25 cm? groduotion mork 


Burette 
Burette — Pipette 


Hydrochloric acid 


€)~——Ground-glass stopper 


4— 250 cm? graduation 
mark 


25 cm? sodium carbonate Graduated flask 
_ containing methyl : 
orange indicator 


White tile 


Fig. 8.1 Apparatus for the titration of sodium carbonate with 
hydrochloric acid 


FS 
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after each addition, acid is run in 1 cm? ata time until the colour just changes from 
yellow to pink. The stage at which the colour change occurs is called the endpoint. 

This first titration is only a trial, but from it we know roughly how much acid is 
needed to neutralize a 25 cm? sample of the carbonate solution. Using this result 
as a guide, at least two further titrations are carried out on separate 25 cm? 
portions of the carbonate solution; the volumes of acid used in two consecutive 
titrations should agree within 0-1 cm?. 


Results 
First burette Second burette Volume of acid 
reading reading used 
cm? cm? cm? 
Trial 0-0 25-0 25-0 
Accurate 0-0 245 24.5 
Accurate 24:5 49-0 245 


Thus 24-5 cm? of hydrochloric acid requires 25-0 cm? of 0-1 M sodium car- 
bonate solution for neutralization. The equation for the reaction is: 


Naf C024, -2H* Clg, > CO, --2Na* Cla, +H20% 


(aq 

Calculation . 
The molarity of the acid is calculated from the following formula (which is 
applicable to many other types of volumetric exercise and should be committed 
to memory): 


number of moles of Substance 1 in the balanced equation 
number of moles of Substance 2 in the balanced equation 


(volume of Solution 1 (V;)) x (molarity of Solution 1 (M,)) 
~ (volume of Solution 2 (V;)) x (molarity of Solution 2 (M;)) 


moles of 1 in balanced equation È V,xM; 
moles of 2 in balanced equation — V; x M; 


If Substance 1 is hydrochloric acid and Substance 2 is sodium carbonate, 
substitution in the formula gives: 

2  245xmolarity of acid 

17 73259201" — 


3 id 2x250x01 
molarity of acid — 245 


or 


= 0204 
Thus the hydrochloric acid solution has been standardized: its molarity is found 
to be 0-204 M. 


À 
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8.7 Calculations Involving Acid/Alkali Reactions 


The method described above for the titration of hydrochloric acid with 
sodium carbonate can be used for any other acid/alkali reaction. Reactions 
involving hydrochloric acid or nitric acid or sulphuric acid with sodium hydrox- 
ide or potassium hydroxide can use either phenolphthalein or methyl orange 
as indicator, whereas acid/carbonate and acid/hydrogencarbonate reactions 
always use methyl orange or some similar related indicator. The indicator 
chosen for any particular titration depends on its range of acidity and alka- 
linity. 

Example 8.4 Calculate the volume of 0-1 M hydrochloric acid that is neutralized 
by 20 cm? of 0:2 M sodium hydroxide solution. 


Calculation 
The formula for use in all examples such as this is: 
number of moles of acid in the 
(volume of acid) x (molarity of acid) balanced equation 
(volume of alkali) x (molarity of alkali) number of moles of alkali in the 
balanced equation 


The equation for the reaction between sodium hydroxide and hydrochloric 
acid is: 


Na*OH,,)+H* Cla, > Na* Cla, + H200 


showing that one mole of acid reacts with one mole of alkali. Substituting in the 
formula: 


volume of acidx0-1 — 1 


20 x 0-2 1 


1x20x0-2 
1x01 


= 40 cm? (Answer) 


volume of acid = 


Example 8.5 Calculate the molarity of a sulphuric acid solution, 24 cm? of 
which is neutralized by 18 cm? of 0-04 M potassium hydroxide solution. 


Calculation 
The equation for this reaction is: 


Hy SOjQq)+2K* OH, > KZ SO% qq) +2H20. 
showing that one mole of acid reacts with two moles of alkali. Substituting in the 
formula: 
24 x molarity of acid 
18x0-04 


1 
2 
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18x 0:04 1 
2x24 


= 0-015 M (Answer) 


molarity of acid — 


Example 8.6 Calculate the molarity of a solution of sodium hydroxide con- 
taining 0-1 g in 50 cm? solution. 


Calculation 

A molar (1 M) solution of sodium hydroxide contains 40 g in 1 dm?. The 
given solution contains 0-1 g sodium hydroxide in 50 cm?, 

i 1000 > 

ie. us g in 1000 cm? 

ie. 2gin 1 dm? 


The given solution is only 2; as concentrated as a molar solution: its molarity is 
therefore 2; — 0:05 M (Answer) 


8.8 Weak and Strong Acids 


The terms ‘weak’ and ‘strong’ when applied to electrolytes indicate the degree to 
which they dissociate into ions when dissolved in water. A strong electrolyte will 
give many ions in aqueous solutions, a weak electrolyte few. These terms must not 
be confused with ‘concentrated’, indicating a large mass of dissolved material in a 
given volume of solution, and ‘dilute’ meaning a small mass of dissolved material 
in a given volume. 

As mentioned in Unit 5, ethanoic (acetic) acid solution conducts an electric 
current with difficulty. This indicates that ions must be present, but not in the 
same amount as are present in a solution of, say, nitric acid. 

Thus the reaction 


CH4COOH,, + H;0o 7 CH, COO 4 H3OGo 
occurs to a far less extent than 
H*NO;a44- H20% 7 NO; + H3O 
acid, fully dissociated into oxonium ions H3O&a) and 


Nitric acid is a strong ic) acid i 
etic) acid is a 


nitrate ions NO3qq in aqueous solution, whereas ethanoic (ac 


weak acid with few oxonium ions in aqueous solution. Much of the ethanoic 


acid remains in solution as undissociated CHCOOH molecules. 

Because of their different degrees of dissociation, equally concentrated solu- 
tions of ethanoic acid and nitric acid will differ in their pH values. Tests with 
Universal indicator show that the pH value of 0-1 M nitric acid is 1, and that of 


0-1 M ethanoic acid is approximately 3. (The lower the pH value, the stronger 


the acid.) ; 
Many weak acids occur naturally. They are often organic compounds con- 
taining carbon, hydrogen and oxygen. For example: hui 
methanoic acid (formic acid) HCOOH is present in the ‘sting’ of ants; 
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ethanoic acid (acetic acid) CH;COOH occurs in vinegar; 

butanoic acid (butyric acid) C;H,COOH is responsible for the odour of rancid 
butter and ‘strong’ cheese; 

ethanedioic acid (oxalic acid) (COOH), occurs as a potassium salt in the leaves 
of rhubarb. 


Basicity of an Acid 

The number of replaceable hydrogen ions in one molecule of an acid is called its 
basicity. Thus the basicity of hydrochloric acid (H *CI ) is 1, that of sulphuric 
acid (H}S047) is 2, while that of phosphoric acid (H}PO}~) is 3. Hydrochloric 
acid is described as a ‘monobasic’ acid, sulphuric acid is a ‘dibasic’ acid, and 
phosphoric acid is a ‘tribasic’ acid. 


8.9 Salts 


The ‘common salt’ used in everyday life as a seasoning is only one of a whole 
group of chemical compounds, the collective name of which is salts. 

In general a salt is formed when the hydrogen ion of an acid is replaced wholly 
or partly by some other cation, e.g. the metal ion Cu?* or the ammonium ion 
NH}. 

Thus when pieces of magnesium ribbon are added to dilute hydrochloric acid 
(H* Clay), the metal dissolves and bubbles of colourless hydrogen gas are given 


off. The magnesium replaces the hydrogen ions in the acid, forming the salt 
magnesium chloride in solution: 


Mg, +2H* Clay > Mg?* Cliant Hou 


Normal Salts and Acid Salts 
When all the hydrogen ions of an acid are replaced by other cations, the product 


: more hydrogen ions remain associated with the 


Is a normal salt; but if one or 
anion, the product is an acid salt. The term 'acid salt' does not necessarily imply 


a pH less than 7. 
_ Consider dibasic carbonic acid HiCO$- with two replaceable hydrogen 
ions. It can form normal salts in which both hydrogen ions are replaced, e.g. 
sodium carbonate NazCO3~ or calcium carbonate Ca?* CO$-. However when 
only one of the hydrogen ions is replaced an acid salt is produced, e.g. sodium 
bydrogencarbonate Na*HCO; or calcium hydrogencarbonate Ca? * (HCO; )2- 

ote that in the acid salt the remaining hydrogen forms part of the hydro- 
gencarbonate anion. Table 8.4 lists the different types of salts which can be 


formed from a number of the common acids. 
8.10 Solubility of Salts 


The oceans contain about 2-794 
enormous quantities of this salt a: 
As the water evaporates the sol 


y M 


by mass of dissolved sodium chloride, and 
re extracted by solar evaporation of sea water. 
ution eventually becomes saturated, and solid 
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Table 8.4 Salts derived from common acids 


Acid Formula Salt Type Example 
Nitric: H*NO; Nitrates normal K*NO;; 
Ba?* (NO; ); 
Hydrochloric HGF Chlorides normal NatC1~; Cu?*Cly 
Hydrobromic H*Br^ Bromides normal K*Br~; Pb?* Bry 
Hydriodic H*I- lodides normal — NHjlI ;Pb?*I; 
Ethanoic (acetic) CH4COOH  Ethanoates normal CH,;COO~Na*; 
(acetates) (CH4COO^),Cu?* 
Sulphuric Hł S04- Sulphates normal  AgiSOi ; 
Mg?^* SOi- 
Hydrogen- 
sulphates acid Na*HSO; 
Carbonic HíiCOi- Carbonates normal  NajCOj'; 
Ca?*COi1- 
Hydrogen- 
carbonates acid Na*HCO; ; 
Ca?* (HCO;); 
Phosphoric HiPOj- Phosphates normal  AgiPOji'; 
Fe?*POj- 
Dihydrogen- 
phosphates acid Na* H;PO; 
Monohydrogen- 


phosphates acid Naj HPOj^ 


sodium chloride begins to form as crystals. The term saturated is used to 
indicate a stage when the solvent contains as much solute as it can dissolve at 
a particular temperature; at this stage dissolved solute and crystals of 
undissolved solute can exist together. 

Sodium chloride is quite soluble in water but lead(m) chloride is only 
sparingly soluble. Thus the degree of solubility varies from one salt to another, 
and we define solubility as the number of grams of a solute necessary to saturate a 
fixed amount of solvent (usually 100 g) at a given temperature in the presence 
of undissolved solute. 


Solubility Curves i 
A solubility curve shows the variation of solubility with temperature. In general 


the solubility of a salt increases with increasing temperature, as illustrated in 
Fig. 8.2. 


Experiment 8.3 Determination of the solubility of potassium chloride, and 
construction of a solubility curve. , " 

A weighed amount (10 g) of potassium chloride is placed in a boiling tube. A 
small measured volume of distilled water is added from a burette and the tube 
warmed in a water bath to 80°C. Distilled water is added—with constant 
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Fig.8.2 Solubility curves for five typical salts 


stirring—until all the solid potassium chloride dissolves, the temperature 
being maintained at 80°C. The tube is removed from the water bath and allowed 
to cool. During cooling the solution is stirred continuously with a thermometer 
and the temperature at which the first crystals appear is recorded, see Fig. 8.3. 
The solution is reheated and cooled until consistent readings for the crystalliza- 
tion point are obtained. Thus the mass of water (1 cm? of water can be considered 
as having a mass of | g approximately) which is saturated by 10 g of potassium 
chloride is known at the recorded temperature and hence the solubility can be 
calculated at this temperature. 

A small measured quantity of water is then added from the burette and the 
new, lower, temperature at which crystals appear is recorded. This procedure is 
repeated several times and a graph is plotted from the solubilities at the various 
temperatures: such a graph is called a solubility curve. The solubilities can be 
determined at each temperature, as illustrated by the following example. 


Results 

Mass of potassium chloride used = 10-00 g 
Volume of water added from the burette = 20-0 cm? 
.. mass of water = 200g 


Average temperature at which crystals appear = 80°C 


Calculation 


20-0 g of water at 80 °C is saturated by 10 g of potassium chloride 


1-0 g of water at 80°C is saturated by 3° x 1-0 g of potassium chloride 
100-0 g of water at 80°C is saturated by 19 x 100 — 50 g of potassium 
chloride 


Thus the solubility of potassium chloride at 80 
one point for the construction of the solubility 


A 


°C is 50 g. This result provides 
curve of potassium chloride in 


r 
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Fig. 8.3 Determination of the solubility of potassium chloride at different 
temperatures 


water. Other points for different temperatures can be obtained in a similar 
manner. A typical curve for potassium chloride is illustrated in Fig. 8.2. 


At room temperature it is convenient to classify the solubility of many salts as 


follows: 
(a) All the common salts of sodium, potassium, and ammonium (NHj) are 


soluble. 


(b) All nitrates are soluble. 
(c) All the common chlorides, except those of silver, lead(11) and mercury(1), 


are soluble. 
(d) All the common sulphates, except those of lead(11), barium and calcium, 


are soluble. 
(e) All carbonates, except those of the alkali metals and ammonium, are 


insoluble. 


8.11 Hydrated Salts 


The evaporation of solutions of man: 
definite shape and colour. Dry crys 


y salts eventually produces crystals having a 
tals of many of these salts liberate water 
vapour when heated, Such water is chemically combined with the cation (and in 
some cases the anion) and is incorporated in the structure of the crystal. This 
‘combined’ water is called water of crystallization, and salts which contain it are 
said to be hydrated. Those salts which do not contain water of crystallization are 
said to be anhydrous: they may or may not be crystalline. 

Some commonly occurring hydrated salts are listed in Table 8.5. 
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Table 8.5 Examples of hydrated salts 


Name Formula Common name 
Copper(it) sulphate-5-water Cu?*SOj-.5H,O blue vitriol 
Magnesium sulphate-7-water Mg?*SO?-.7H;O Epsom salt 
Sodium carbonate-10-water Na}CO}~ .10H,0 washing soda 
Sodium sulphate-10-water NajSOj-.10H;,O Glauber's salt 
Iron(i) sulphate-7-water Fe?^*SO-.7H,O green vitriol 
Calcium sulphate-2-water Ca?*SO-.2H;,O0 


gypsum 


The presence of water of crystallization in a salt can be detected by heating a 
sample of the dry crystals in a boiling tube, as shown in Fig. 8.4. 

On heating dry crystals of copper(i) sulphate the deep blue colour gradually 
fades and a colourless liquid is collected in the water-cooled test tube. The 
boiling point of this liquid (100°C) shows it to be water. (Confirmation that a 
liquid is water can be obtained by measuring its boiling point, freezing point and 
density under specified conditions.) 

When water is added to cold, white, anhydrous copper(i) sulphate the solid 
turns blue and much heat is produced. This is a test which indicates that a 
liquid contains water, but not necessarily that it is pure water. 


Copper(n) sulphate crystals 


]- Condensed liquid 
Water 


Method of showing the presence of water of crystallization in a salt 
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Experiment 8.4 Determination of the number of moles of water of crystallization 
associated with one mole of magnesium sulphate. 

An evaporating basin is weighed and about 5 g of magnesium sulphate 
crystals is added. The basin and contents are reweighed and then heated gently 
until no visible change can be observed. After cooling, the basin and contents are 
weighed. The basin is reheated for a short time, cooled and reweighed. This 
cycle of operations is repeated until two successive weighings are the same, show- 
ing that all the water of crystallization has been driven off. This process is termed 
‘heating to constant weight’. 


Results 
Mass of evaporating basin — 36:00 g 
Mass of evaporating basin -- magnesium sulphate crystals —4124g 


Mass of evaporating basin + anhydrous magnesium sulphate 
after heating to constant weight — 38:56 g 
Hence: Mass of magnesium sulphate crystals = 524g 
Mass of anhydrous magnesium sulphate 2:56 g 
Mass of water 2-68 g 


i] 


Calculation 
Since one mole of magnesium sulphate (Mg? * S047) has a mass of 120:5 g, the 
number of moles of magnesium sulphate present is 
2-56 
— = 0-0213 
120-5 
Since one mole of water has a mass of 18 g, the number of moles of water 
present is 


Hence 0-0213 moles of magnesium sulphate is combined with 0:149 moles of 

water of crystallization. One mole of magnesium sulphate is therefore 
combined with 

0-149 

0-0213 

— 6:995 — 7 to the nearest whole number 


moles of water of crystallization 


Thus the formula of magnesium sulphate crystals is Mg?^*SOi . 7H20. 


8.12 Deliquescence and Efflorescence 


Substances which absorb water from the atmosphere and dissolve in it forming a 
solution are said to be deliquescent (see Section $.2). Fer tn 

In contrast, some hydrated salts lose their water of crystallization simply on 
standing in a dry atmosphere at room temperature. Thus translucent crystals of 
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sodium carbonate-10-water (washing soda) crumble to a white powder on 
standing. In this case nine of the ten molecules of water of crystallization are 
spontaneously lost to the air: 


Na} CO1-.10H,0,, — NajCO3-.H,0,)+9H,0,, 


Such loss of water of crystallization is called efflorescence and the hydrated salt 
which loses the water is said to be efflorescent. 


8.13 Preparation of Salts 


Salts can be prepared in a variety of ways, and the choice of method is often 
dictated in practice by the solubility characteristics of the salt and of the 
reactants. This section illustrates the preparation of some simple salts and the 
isolation of a pure sample of the salt from solution. 


(a) Preparation of Salts by the Action of a Dilute Acid on a Carbonate, Basic 
Oxide, or a Metal 

The carbonates, basic oxides or metals used in these preparations are all 
insoluble in water. When reaction with the dilute acid is complete (warming if 
necessary) the excess oxide, metal or carbonate can be filtered leavin g only a pure 
sample of the salt in solution. Suitable reactions include: 


Cu0%5 -- HiSOd, "S" Cu?* SOc +20 
Mg?*CO3,5-+H}SO2,,, — Mg?* SO faq) + H209 - CO, 
Cu?* C035 +H} SOí;, — Cu?*SO3 gq) +H20y +COr¢ 
Mga +H3 SOfaa > Mg'* SO; +H» 
Fey) +H7SO%a4 — Fe?*SO%;,) Hou 
Experiment 8.5 Preparation of copper(u) sulphate crystals from copper) 
oxide and dilute sulphuric acid 


Approximately 50 cm? of 2 M sulphuric acid is poured into a beaker or 
conical flask and heated almost to boiling on a tripod and gauze. Copper(1) 


oxide is added carefully, a little at a time, until no more will react even after 
further heating: 


Cu’* Of) --H1SO$,., > Cu?* SO$,,-- H200 
The excess black solid co 


The blue filtrate conta; 
basin and a few drops 


Per (It) oxide is filtered from the hot solution. 

ining copper(r) sulphate is collected in an evaporating 
$ of 2 M sulphuric acid are added to maintain a clear 
bright-blue solution. The solution is then heated to crystallization point. This 
point is detected by dipping a glass rod into the solution and transferring a drop 
des liquid um a a white tile: when small crystals form on cooling, the whole 
On is set aside to crystallize, 

filtered and then dried Cgc 75 anes 


1 oe 
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Cu? *SO2,, --5H;0, > Cu? +8037 .5H,0,, 


The following preparations are similar to Experiment 8.5 (above) except that 
heat is not required. 

(i) Magnesium sulphate crystals from magnesium carbonate and dilute 
sulphuric acid 

(ii) Copper(m) sulphate crystals from copper(i) carbonate and dilute 
sulphuric acid 

(iii) Magnesium sulphate crystals from magnesium metal and dilute sul- 
phuric acid 

(iv) Iron(i1) sulphate crystals from iron filings and dilute sulphuric acid 


(b) Preparation of Salts by the Action of an Acid on an Alkali 

Unlike the previous method, both reactants are soluble in water. A titration (see 
Experiment 8.2) is required to ensure that the sample of salt contains neither 
excess acid nor excess alkali. The method is illustrated in the two following 
experiments. 


Experiment 8.6 Preparation of sodium sulphate 

Two clean dry burettes are required. One is filled with approximately 2 M 
sodium hydroxide solution, and the other with approximately 2 M sulphuric 
acid. Exactly 25 cm? of the acid is run into a clean conical flask, and a few drops 
of phenolphthalein indicator are added. The solution remains colourless. The 
reading on the second burette is noted and alkali is added to the acid a little at a 
time, shaking between each addition, until one drop of alkali turns the solution 
pink. The reading on the second burette is again noted, and the experiment is 
repeated until two consecutive readings agree to within 0-1 cm?. The added 
sodium hydroxide has now neutralized the acid: 


H18025,--2Na* OH qa > Na? $03 --2H;00 


Suppose the volume of sodium hydroxide required to neutralize the 25 cm? 

. of acid is 48-6 cm?. These volumes of acid (25:0 cm?) and alkali (48:6 cm?) 
are then measured from the burettes into an evaporating basin, this time without 
any indicator. The solution is evaporated to crystallization point (see Ex- 
periment 8-5) and the crystals of sodium sulphate-10-water filtered from solu- 
tion and dried between filter papers. 


NajSO3g,)+10H,0q + Naz $03 - .10H,0,, 


Experiment 8.7 Preparation of sodium hydrogensulphate 

The two burettes are filled with the same solutions of sodium hydroxide and 
sulphuric acid that were used in the previous experiment. Exactly 50 cm? of 
acid is mixed with 48-6 cm? of the sodium hydroxide in a crystallizing dish 
cator is used to contaminate the salt. 


and set on one side. Again no indi I 1 à 
Doubling the quantity of acid used ensures that the alkali added is sufficient 
uric acid, leaving 


to neutralize exactly half the hydrogen ions from the sulph 
the acid salt: 
2H1SO$;4 +2Na* OH ^ 2Na* HSO 444 -2H;0n 


> 4 


178 Success in Chemistry 


After several days the crystals of sodium hydrogensulphate are filtered and 
dried between filter papers. 


Na* HSO4,, -H;0 > Na*HSO; . H50, 

Care of burettes. Burettes must be carefully rinsed with distilled water after use 
and left to dry with the tap removed. Sodium hydroxide solution tends to dis- 
solve grease from taps and also to absorb carbon dioxide (from the air) forming 
sodium carbonate. This can cause the tap to become firmly cemented to its 


Socket; moreover, the formation of solid in a restricted space can break the 
burette. 


(c) Preparation of Insoluble Salts by Precipitation 

Insoluble salts can be prepared by ‘metathesis’ or double decomposition. In this 
type of reaction the insoluble salt is precipitated by mixing two solutions, one 
containing the cation and the other the anion of the insoluble salt. For example, 
yellow insoluble lead(11) iodide is precipitated when solutions of lead(1) nitrate 


(containing the cation Pb?*) and potassium iodide (containing the anion I^) 
are mixed: 


Pb? *(NO3);.,-2K "Taq > Pb?*I5,,4-2K *NO 3(aq) 
The yellow precipitate of lead(11) iodide is centrifuged or filtered, washed with 
distilled water and dried, 


Other insoluble salts such as silver chloride, lead(i) chloride and barium 
sulphate are prepared by this method. 

If one of the materials available is insoluble it must be converted into a solution 
containing the appropriate ion. Thus in the preparation of lead(11) chloride from 
lead(in) carbonate, the insoluble lead(it) carbonate must first be converted into 
soluble lead(1t) nitrate by the action of excess nitric acid: 


Pb** COS, + 2H*NOsiqq) > Pb*(NO;),.4 --CO;(- HO 
White insoluble lead(11) chloride can 


3 Tis then be precipitated by the addition of a 
solution containing chloride ions. For example, using dilute hydrochloric acid 
(H* Clay): 


Pb?*(NO3 )ataqy-+2H* CI. > Pb?* Cli) +2H*NOsaq) 


(d) Preparation of Salts by Direct Combination 


A few salts such as iron(11) sulphide, i i i 
S ‘ phide, iron(m) chloride and copper(i) sulphide 
may be obtained by direct combination of the elements. 


For example, when an intimate mixture of iron filings and sulphur is heated, a 


strongly exothermic reaction occurs. The mixti id iron(it 
sulphide is produced: Dices Denise 


Fei) +S,) > Fe?* Sty 


bz 
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Summary of Unit 8 


1. An acid yields hydrogen ions in aqueous solution; more generally, it is a 
substance which donates protons to other substances. Other properties of 
acids include: 

(a) sour taste 

(b) reaction with a carbonate or hydrogencarbonate to liberate carbon 
dioxide 

(c) ability to change the colour of certain dye solutions (indicators) 

(d) neutralization by a base. 

2. A base is the oxide or hydroxide of a metal. It will neutralize an acid. 

3. An alkali is a soluble base. It yields hydroxide ions in aqueous solution; more 
generally, it is a substance which accepts protons from other substances. 
Other properties of alkalis include: 

(a) ‘soapy’ feel 
(b) ability to change the colour of indicators 
(c) liberation of ammonia from ammonium salts. 

4. The pH scale is a measure of the degree of acidity or alkalinity of a solution. 
The scale ranges from 0 to 14, a pH value of 7 representing a neutral solution. 
In the range 0 to 7, the lower the pH value the more acid the solution; in the 
range 7 to 14, the greater the pH value the more alkaline the solution. 

5. Oxides are compounds of an element with oxygen. They can be classified as 
acidic, basic, neutral or amphoteric. Other classes include peroxides and 
compound oxides. 

6. Titration is the progressive addition of one solution (e.g. an acid) to another 
(e.g. an alkali) until reaction between them is complete. 

7. A standard solution is one in which the concentration of solute is known. 

8. A one-molar solution contains one mole of solute dissolved in 1 dm? of 
solution. 

9. The molarity of a solution can be calculated from the following formula : 


(volume of Solution 1) number of moles of Substance 1 


(molarity of Solution 1) inthe balanced equation 
(volume of Solution 2)x number of moles of Substance 2 
(molarity of Solution 2) in the balanced equation 


10. A strong acid yields many Hq, ions (actually as oxonium ions H40*) in 
aqueous solution, whereas a weak acid yields few. 

11. A concentrated solution is one which contains a large mass of solute in a given 
volume of solution; a dilute solution contains a small mass of solute in a given 
volume of solution. 

12. A salt is formed when the hydrogen ion of an acid is replaced wholly (a 
normal salt) or partly (an acid salt) by some other cation, — 

13. A saturated solution contains as much solute as the solvent will dissolve at a 
particular temperature and in the presence of crystals of undissolved solute. 

14. Solubility is defined as the number of grams of solute necessary to saturate a 


fixed amount of solvent at a given temperature. 
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15. Hydrated salts contain a definite molecular proportion of water, chemically 
combined in a crystal of the salt, e.g. Cu?*SO2~.5H,O. Such combined 
water is called water of crystallization. 

16. A deliquescent substance absorbs water from the atmosphere and dissolves in 
it forming a solution. 

17. An efflorescent salt loses all or part of its water of crystallization when 
exposed to the air. 

18. Salts may be prepared by the following methods: 

(a) action of a dilute acid on a carbonate, basic oxide or a metal 
(6) neutralization of an acid by an alkali 
(c) precipitation (d) direct combination. 


Test Yourself on Unit 8 


1. A chemist labelled three shelves acids, bases and salts. On which shelf would 
you place the following chemicals? 

(a) Na*OH - 

(b) Na*NO; 

(c) H*CI- 

(d) Ca? t02 = 

(e) Cu?* SO? - 


2. The pH value of a solution of nitric acid is always: 
(a) 1, (5) 7, (c) 14, (d) less than 7, (e) greater than 7. 


3. Distilled water has a pH of: 
(a) 1, (b) 7, (c) 14, (d) less than 7, (e) greater than 7. 


4. State whether the following statements are true or false: 
(a) A base is always soluble in water. 
(b) Sodium hydroxide is both a base and an alkali. 
(c) Hydrogen is released Whenever an acid and metal are mixed. 
(d) All indicators give a red solution with an acid. 


(e) A gardener neutralizes an alkaline soil by the addition of ‘lime’ 
(calcium hydroxide). 


5. On standing in air, (i) sodium carbonate-10-water (washing soda) crystals 


crumble to a white powder, whereas (ii) sodium hydroxide pellets gradually 
turn into a colourless liquid. 


Select the most appropriate 
(ii) from the following list: 

(a) effervescence, 

(b) efflorescence, 

(c) hydration, 

(d) decrepitation, 

(e) deliquescence, 

(f) diffusion. 


(v 


name for each of these two different processes (i) and 
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6. What volume of 0-100 M sodium hydroxide solution: 
(a) contains 4 g of sodium hydroxide? 
(b) neutralizes 25 cm? of 0:05 M hydrochloric acid solution? 
(c)neutralizes 25 cm? of 0.05 M sulphuric acid solution? Write the 
equation for this reaction. 
(d) reacts exactly with 0-5 mole of hydrogen ion from an acid? 

(Relative atomic masses: Na — 23, O =16 and H = 1) 


7. In the following directions for the laboratory preparation of pure dry copper(1!) 
sulphate crystals certain words and phrases are underlined. Correct these 
directions by replacing the underlined words and phrases. 

Approximately 50 cm? of concentrated hydrochloric acid is warmed with a 
little copper(m) oxide. When no more of the oxide reacts the mixture is poured 
into an evaporating basin and the residue evaporated to dryness. After cooling, 
the crystals are filtered, washed with a large volume of water and dried over 
a bunsen flame. 


8. The following graph shows the solubility curves for potassium nitrate, 
sodium nitrate, potassium chloride and sodium chloride. 


240 K*NO3 
200 
S 
o 
= 160 
g Na*NO3 
š 120 
eo 
= 80 KCI” 
x 
3 
$ 40 
la*CI^ 


ie) 20 40 60 80 100 
Temperature (°C) 


Potassium nitrate can be prepared by mixing hot saturated solutions of 
potassium chloride and sodium nitrate. Use the solubility curves to answer 
the following questions: 

(a) Which salt crystallizes first from solution at 80°C? 

(b) Which salt crystallizes first from solution at 10°C? 

(c) At which temperature are the solubilities of potassium nitrate and 

sodium nitrate the same? 

(d) Which is the most soluble salt at 40°C? E. 

(e) If a saturated solution of sodium nitrate, at 80°C, containing 150 g 

sodium nitrate in 100 g water was cooled to 0°C, how much sodium nitrate 


would crystallize? 
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9. Insert the following oxides in their appropriate position in the table below: 
(a) carbon monoxide, (5) aluminium oxide, (c) dilead(11) lead(1v) oxide, Pb,0,, 
(d) phosphorus(v) oxide, (e) sodium peroxide N4037, (f) copper(11) oxide. 


Classification Oxide 
i | 
Acidic 
Basic al. 
aaah 1 
Neutral 


aad 1 
Amphoteric 

— J 
Peroxide 

lr tee m. =] 


Compound oxide 


Mark this test ou 


t of 40 with the answers given on page 376. 


Unit Nine 
Classification of Matter Il: The Metals 


Metallic properties 


Alkali metals Alkaline-earth metals 


Transition metals 
(iron and copper) 


Metals in the Periodic Table 


Extraction of metals 


The elements in the periodic table can be classified in many different ways, e.g. 
solid, liquid and gas. However, one of the most convenient classifications has four 
distinct categories: metals, non-metals, the noble gases and hydrogen (which is in a 
class by itself). This Unit begins by looking at those properties which can be used 
to classify elements as metals and then goes on to consider some of the more 
important metals. The chemistry of metals is developed to show property 


patterns and hence relationships in families or groups within the periodic table. 


9.1 What are Metals? 

Aluminium, iron, tin, copper and lead are very much part of the world we live in. 
For most people recognition of these substances as metals lies in their hardness 
and in their shiny lustrous surface. They can be hammered into shape (mallea- 
bility) and drawn into wires (ductility). These are only a few of the physical 
properties which the chemist uses to classify elements as metals. In order to 
explain these physical properties we need to look again at the structure of metals. 
A useful model of a metal is one in which the atoms exist as spherical, positive 
ions (cations) arranged in a regular three-dimensional network or ‘crystal lattice 
(see Unit 2). The electrons present in the metal are distributed in such a way that 
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Fig.9.1 The metallic bond 


the groups of positive metal ions in the crystal lattice are surrounded by a ‘sea’ of 


mobile electrons (see Fig, 9.1). These mobile electrons constitute the metallic 
bond. 


9.2 Metallic Properties and the Metallic Bond 


(a) Conductivity 

High electrical conduct 

from one place in the mei 
High thermal conductivi, 


(b) Metallic Lustre 
Metals are crystalline and their flat 
may also be explained, in 
re-emitting light energy. 


crystal surfaces are able to reflect light. This 
Part, by the surface mobile electrons absorbing and 


(c) Malleability and Ductility 


In contrast to ionic and covalent Crystals, which are brittle, metals have high 
malleability and ductility beca 


y use it is relatively easy for metal atoms to be moved 
about within the lattice without destroying the bonding. 


9.3 Metals in the Periodic Table 
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consider the chemical properties of the metals and how they fit into the periodic 
classification of the elements. 


(a) Metals are elements which readily lose electrons to form cations. Mag- 
nesium, for example, loses two electrons to become the magnesium cation: 


Mg > Mg?* +2e 


(b) Metals form basic oxides (see Unit 8). Copper, for example, forms copper(I!) 
oxide which will neutralize an acid. 

(c) The halides (chlorides, bromides etc.) of the metals have an ionic structure; 
when dissolved in water their solution conducts an electric current and is 
decomposed by it. 


Elements exhibiting these metallic properties are found on the left-hand side 
of the periodic table (see Fig. 2.4). Typical metallic families are the alkali 
metals (Group 1) and the alkaline-earth metals (Group 2), while some of the 
more common and important metals occur in the transition elements. 

Study of a typical family such as the alkali metals shows that the elements 
become more metallic in character as the atomic number increases. Thus 
potassium (At. No. 19) is more metallic than sodium (At. No. 11), which in 
turn is more metallic than lithium (At. No. 3). 


The alkali metals LI 
— 


Fig.9.2 Position of the alkali metals in the periodic table 


9.4 The Alkali Metals (Group 1) 
he periodic table is shown in Fig. 9.2, and 
figurations and important physical prop- 


fill 


The position of the alkali metals in t 
their names, symbols, electronic con 
erties are listed in Table 9.1. 
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Table 9.1 The alkali metals 


Lithium Sodium Potassium Rubidium Caesium 


(Li) (Na) (K) (Rb) (Cs) 
Electronic configuration — 2.1 2.8.1 2.8.8.1 2.8.18.8.1 — 2.8.18.18.8.1 
Atomic number 3 11 19 37 55 
Melting point (K) 452 371 337 312 302 
Boiling point (K) 1590 1165 1047 961 960 
Density (kg m~?) 534 970 860 1530 1870 


The alkali metals are soft solids and all are easily cut with a knife. When freshly 
cut, the surface shows a metallic silvery lustre which quickly tarnishes on exposure 
to the air. They are all good conductors of heat and electricity. 


9.5 Chemical Properties of the Alkali Metals 
The chemistry of the alkali metals is the chemistry of their ions. All of these metals 


Reaction of the Alkali Metals with Water 
The gradation in chemical activi 


ty with increasing atomic number can be illus- 
trated by the reactions of the al 


kali metals with water. 
Experiment 9.1 Reaction between sodium and water 


A small piece of Sodium is cut fro; 
Paraffin oil under which it i 


on in the trough indicates that an 
been produced: 


2Na,,-2H;04 > 2Na* Ha, - Hj 
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If a piece of sodium is placed in a sodium spoon and then plunged beneath the 
surface of water in a trough, bubbles of a colourless gas rise from the metal and 
can be collected in a test tube filled with water (see Fig. 9.3). 


Hydrogen gos 


Small piece of sodium in the wire cage of 
the sodium spoon 


Fig. 9.3 Sodium reacts with water to produce hydrogen 


On ignition the gas burns with a pale-blue flame. The gas is hydrogen. 

These experiments are then repeated with freshly cut pieces of lithium and 
potassium. The lithium sample moves around the surface of the water, 
gradually dissolving. Reaction is less vigorous than with sodium. On the other 
hand, pieces of potassium melt and skate around on the surface of the water 
very quickly; so much heat is generated that the hydrogen evolved is ignited 
and burns with a lilac flame characteristic of potassium. This reaction is much 
more vigorous than that of sodium or lithium. 

Caution: care must be taken when pieces of sodium, lithium or potassium 
are added to water. If possible cover the trough with a sheet of glass to 
minimize the risk of splashing. Small pieces of unused metal must be disposed 
of by dissolving them in a beaker containing excess methylated spirit placed in 
a fume cupboard. 


Reaction of the Alkali Metals with Air 

The alkali metals exhibit a distinct gradation in re 
oxygen. The surface of freshly cut lithium quickly 
needs to be warmed before it will react—quite vigor 
oxide: 


activity when exposed to air or 
tarnishes in air, but the metal 
ously—to produce lithium 


2Ligy +4028) > Liz Om 
Sodium forms mainly the peroxide: 


+Q- 
2Naj_) + O28) > Na; 036) 
nusual ionic superoxide in 


ib. 


Potassium, rubidium and caesium form the rather ui 
which the orange-coloured O; ion is present: 


Ko t029 > K* Oz) 
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9.6 Uses of the Alkali Metals 


Sodium plays an important part in the manufacture of tetraethyl-lead(1v) which 
is used as an 'anti-knock' additive in petrol. Sodium is also used as a coolant and 


strikes certain metals (particularly caesium) causing electrons to be emitted by the 
metallic surface. 


9.7 Detection of the Alkali Metals 


Chemical detection of most metal ions depends on their ability to form a precipi- 
tate (often coloured) with a suitable anion. However, the alkali-metal ions form 
few insoluble compounds and their presence is most easily detected by the colour 


Platinum or nichrome 
wire sealed into glass tube 


metal under test 


Flame colour Py, 
characteristic of the 


Hottest part of the 
non-luminous bunsen flame 


Bunsen burner 


Fig.9.4 Flame test for metals 


Table 9.2 Characteristic flame colours 


Metal 


Flame coloration 
Lithium crimson-red 
Sodium yellow 
Potassium lilac (pink when vi 
Rubidium EY lewed through blue cobalt glass) 
Caesium blue 
Barium apple-green 
Strontium red 
Calcium brick-red 


Copper blue-green 
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they impart to a bunsen flame. A platinum or nichrome wire is dipped in a solution 
of the alkali-metal salt with concentrated hydrochloric acid and then held in a 
hot, non-luminous bunsen flame (see Fig. 9.4). 


The colour produced in the flame by the vaporized metal atom is characteristic 
of the metal. Certain other metals also give characteristic flame colours and are 
consequently included with the alkali metals in Table 9.2. 


9.8 Important Compounds of the Alkali Metals 


The similarities in chemical properties between the corresponding compounds 
of the various alkali metals are such that we can summarize the chemistry of the 
whole group by studying only one metal. We choose to consider sodium com- 
pounds simply because they are the most common. 


(a) Sodium chloride, Na *Cl^ 
Sodium chloride occurs extensively as deposits of rock salt and in sea water 
(approximately 3%). Rock salt may be obtained by mining, but more often water 
is pumped down into the deposit and the salt is brought to the surface as brine. 
In warm regions 'salt' is produced by solar evaporation of sea water or taken 
from deposits around the dried-up fringes of salt lakes. 
Because of its widespread distribution and availability, sodium chloride finds 
many uses (see Fig. 9.5). 


Hydrogen and 
hydrochloric acid 


Refrigeration 


Sodium 


Sodium 
hydrogencarbonate 


carbonate 


Sodium + chlorine 


Sodium 
chloride 

Sodium Chlorides of metals 
hydroxide 


Fig. 9.5 Some of the uses of sodium chloride 


In food 


(b) Sodium hydroxide, Na*OH~ (caustic soda) dpa 
Sodium hydroxide is a white solid (melting point 591 K) which is sold in the 
form of flakes, pellets or sticks. It is a caustic alkali (caustic — burning) which 
should be handled with care. Most of it is manufactured by the electrolysis of 
sodium chloride solution in a mercury cell (described in Section 14.3). 

When the solid is exposed to air it deliquesces, ie. takes up moisture and 
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dissolves in it. A solution of sodium hydroxide readily absorbs carbon di- 
oxide, forming sodium carbonate: 


2Na* OH --CO;(, > Nat CO2;,, +H,0,, 


Thus sodium hydroxide left standing in a moist atmosphere acquires a white 
coating of solid sodium carbonate as the solution produced by deliquescence 
absorbs carbon dioxide. 


Other notable properties of sodium hydroxide include the following: 

(i) It is a strong alkali capable of neutralizing acids to produce salts. For 
example: 

Na* OH, -H*Clz, > Na* Claw -H;0q 

(ii) The hydroxides of many metals can be precipitated from solution using 

sodium hydroxide solution. For example: 
2Na* OH, + Cu?* SO3,,, + Cu?*+(OH aie + Naz SO%(4) 

or 20H (aq) + Cus, > Cu?* (OH ~) a4) 

(iii) Sodium hydroxide, like any strong alkali, will liberate ammonia gas 
from ammonium salts on warming. This is a test for an ammonium salt. 

Na* OH, - NHjCI,, > NH;4-H;0,-Na*Cl;, 

GE OH, + NH) ^ NH3,q)-+H 04, 


(c) Sodium carbonate (Na? *CO3~) and sodium  hydrogencarbonate 
(Na*HCO;) 

Sodium carbonate-10-water Na? CO$-.10H;O is called washing soda. It is 

manufactured by the Solvay or ammonia-soda process, one of the most economic- 

ally efficient industrial processes (see Section 14.5). 


Washing soda is efflorescent, losing nine of its ten molecules of water of 
crystallization on standing in dry air: 


NajCO?-, 10H;O,, + Na2CO2-. H;0,, 4-9H;0 
(i) Action of heat 


(8) 


_ heat 
2Na*HCO;,, Naz CORR -H;0,--CO;,, 


(ii) Action of acids 
Both the carbonate and h 


3 ydrogencarbonate of sodium and the other alkali metals 
liberate carbon dioxide 


on addition of an acid. For example: 
Na? COSS -2H*CIz., > 2Na* Cl, + CO; - H0, 
Na* HCOj,, - H* NOn > Na* NO5,,--CO; HHO 


Pa 
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(iii) Action of water 

Solutions in water of both sodium hydrogencarbonate and (particularly) 
sodium carbonate give an alkaline reaction with Universal indicator (pH is 
greater than 7). 


(d) Sodium sulphate, Na} SO3~, and sodium hydrogensulphate, Na * HSO% 
The laboratory preparation of both these compounds is described in Unit 8. 
Sodium sulphate-10-water is commonly known as Glauber’s salt after the 17th- 
century German chemist, Johann Glauber. 

A solution of sodium hydrogensulphate is strongly acidic and exhibits some 
of the properties of sulphuric acid. 


(e) Sodium nitrate, Na* NO3 
Sodium nitrate occurs naturally as Chile saltpetre. It decomposes on heating 
into sodium nitrite and oxygen: 
heat 
2Na* NO; — 2 2Na* NOX) + Ori 
Potassium nitrate, commonly called saltpetre or nitre, is used extensively in 
the production of fireworks and explosives. 


9.9 The Alkaline-earth Metals (Group 2) 
The position of the alkaline-earth metals in the periodic table is shown in Fig. 9.6, 
and the names, symbols, electronic configurations and important physical 
properties are listed in Table 9.3. 

The Group 2 metals look more like metals than the elements of Group 1 because 
of their silvery appearance and greater hardness. 


The alkaline- 
earth metals 
on 


J 
Her dad 


En 
ZA 
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Table 9.3 The alkaline-earth metals 


Beryllium Magnesium Calcium Strontium Barium 


(Be) (Mg) (Ca) (Sr) (Ba) 
Electronic configuration 2.2 2.8.2 2.8.8.2  2.8.18.8.2 2.8.18.18.8.2 
Atomic number 4 12 20 38 56 
Melting point (K) 1550 924 1120 1042 1000 
Boiling point (K) 3243 1380 1760 1657 1910 
Density (kg m^?) 1800 1741 1540 2600 3600 


They tarnish on exposure to air, but not as rapidly as the Group | metals. All 
these elements are excellent conductors of heat and electricity. 


9.10 Chemical Properties of the Alkaline-earth Metals 


The elements in Group 2 can all easily attain a noble-gas structure by losing their 
two outer electrons. Thus the chemistry of these metals is essentially the 
chemistry of their dipositive ions (Mg?*, Ca?* etc.). As with the Group 1 metals 
the reactivity increases with increasing atomic number. The properties of 
magnesium and calcium are typical of the group as a whole, and for this reason 
these two metals will be studied in some detail. 


(i) Reaction with water 


Unlike the alkali metals, magnesium does not react readily with cold water. 
However, if it is heated it will react with steam (see Fig. 9.7): 


Mg,-H;O« > Mg^* OS Hou 


Magnesium Rubber tube 


Rubber ^ Silica. Powder connection 


stopper tube 


Delivery 
tube 


4— Gas jar 
— Hydrogen 


Heat 


Fig.9.7 Experiment to demonstrate the action of magnesium on steam 
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In contrast, calcium when freshly cut sinks in cold water and reacts steadily, 
liberating a colourless gas (hydrogen) which can be collected as shown in Fig. 9.8: 


Ca, +2H20q > Ca?* (OH) (aq) + Hot 


Water 


Piece of calcium metal 


Fig. 9.8 Calcium reacts with water to produce hydrogen 


(ii) Reaction with acids 

Both calcium and magnesium react with dilute mineral acids, but the reaction of 
calcium is violent and should not be attempted in the laboratory. Hydrogen is 
liberated from most dilute acids. For example: 


Mg, +2H* Clo; > Mg?* Clag + Hat 


With nitric acid and magnesium, hydrogen is liberated only when the acid 
is very dilute (less than 596). Magnesium is one of the few metals that will 
liberate hydrogen from nitric acid. With most other metals nitric acid acts as 
an oxidizing agent and the products include oxides of nitrogen. Copper, for 
example, reacts with moderately concentrated nitric acid to produce nitrogen 


monoxide and a solution of copper(i) nitrate: 


3Cu,,--8H* NO 34, > 3Cu^* (NO3)5 -2NOq t 4H;00 


9.11 Uses of the Alkaline-earth Metals 
ch finds important industrial use, 


Magnesium is the only Group 2 element whi 
: t alloys. Beryllium is used in high- 


particularly in light, strong, corrosion-resistan 
Strength light alloys. 
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9.12 Important Compounds of the Alkaline-earth Metals 


(a) Calcium carbonate, Ca? *CO2- 
Calcium carbonate is one of the most abundant compounds in the earth’s 
crust. It is found in a number of different forms. 


(i) In limestone 


Limestone occurs in layers as a sedimentary rock, having been formed from 
deposits of shells of minute marine animals millions of years ago. 


(ii) In marble 


Marble is limestone that has been changed by heat and pressure so that it is hard 
and capable of taking a high polish. 


(iii) In chalk 
Chalk has a similar origin to limestone but is softer and more porous. 
(iv) Calcite 


Calcite is a pure crystalline variety of calcium carbonate. Transparent 
colourless crystals are called Iceland Spar. 


Like all carbonates, calcium carbonate reacts with acids liberating carbon 
dioxide. For example: 


Ca?* CO, +2H O — Ca?*Cl2,, +H20+ COx,) 


The reaction with sulphuric acid is rapidly inhibited by a layer of almost 
insoluble calcium sulphate. 


At high temperatures calcium carbonate is converted into white calcium 
oxide (quicklime): 


Ca? + COS, > Ca?* OS HCO 
A lump of calcium carbonate (limestone) glows when hot but otherwise 
appears unchanged. After Cooling, the addition of a few drops of water causes the 
lump to swell, crack, crumble and become so hot that steam is liberated. This 
chemical change is called slaking of quicklime: 


Cast O67 +H20,) — Ca? *(OH- Jats) 
Calcium carbonate is u: 


sed as a raw material for the production of many 
other compounds, and its 


industrial importance is discussed in Unit 14. 

(b) Calcium hydroxide, Ca?* (OH-), (slaked lime) 

Calcium hydroxide is à White solid, slightly soluble in water: the clear solution 
is called lime-water, Lime-water is used to test for carbon dioxide (see Section 


6.12) and has the properties of an alkali. A suspension of slaked lime (calcium 
hydroxide) in water is called milk of lime. 


(c) Calcium sulphate, Ca? *SOj- 
C 


alcium sulphate occurs naturally as the mineral gypsum (Ca?*SOj-. 
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2H,0) and as anhydrite (Ca?*SO3-). Because of their slight solubility both of 
these minerals produce permanent hardness in water (see Section 6.16). 

When gypsum is heated it loses part of its water of crystallization, forming a 
white powder known as plaster of Paris (calcium sulphate-4-water): 


2Ca?* SO1 - .2H;0,, — (Ca?* S01 ); -H20)+3H20 


When mixed with water plaster of Paris is rapidly reconverted to gypsum, the 
mass setting to a solid. The setting process is accompanied by slight expansion, 
which makes plaster of Paris particularly useful for taking casts and for 
supporting broken bones. 


9.13 Aluminium 


Aluminium is the most important metal in Group 3. It is the most abundant 
metal in the earth's crust, occurring in clays, feldspar, mica and many other 
natural deposits. 

The electronic configuration and important physical properties of aluminium 
are listed in Table 9.4. 


Table 9.4 Physical properties of aluminium 


Electronic Atomic Melting Boiling Density 
configuration number point (K) point (K) (kg m^?) 


Aluminium 
(Al) 2.8.3 13 933 2740 2700 


Aluminium is a silvery white metal which quickly becomes dulled with a thin 
layer of oxide. This oxide film forms an inert protective layer on the metal 
surface and makes the aluminium very resistant to corrosive action. The thickness 
of the film can be increased artificially by an electrolytic process producing 
‘anodized’ aluminium. 


9.14 Chemical Properties of Aluminium 

the Group 1 and Group 2 metals is 
of aluminium, however, is not 
1 of three electrons (Al — Apt 
great deal of energy. 


We have seen that the chemistry of 
essentially that of their ions. The chemistry 
dominated by the AI?* ion because the remova 
+ 3e) to form a noble-gas structure requires a 


(a) Reaction with Air i : 
Aluminium is resistant to further oxidation and corrosion by the air once the 
al of this oxide film renders the 


protective oxide film has been formed. Remov: ‘ a 
metal reactive. Salt water attacks the oxide film allowing the aluminium to 


become corroded; ordinary aluminium is therefore not used for marine 
purposes. 
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(b) Reaction with Acids 

Once again the oxide film minimizes chemical attack by acids on the metal. The 
protective film is strengthened by oxidizing acids such as sulphuric and, 
particularly, nitric acid: hence no reaction occurs with them. Moderately concen- 
trated hydrochloric acid will dissolve the metal, forming the chloride and 
liberating hydrogen: 


2A) +6H* Clay > 2AP* Cli. + 3H, 


(c) Reaction with Alkalis 

In marked contrast to the Group 1 and 2 metals, aluminium dissolves in 
sodium or potassium hydroxide solution forming the tetrahydroxo-aluminate 
ion (see Section 9.16a).. Once started the exothermic reaction is vigorous and 
hydrogen is liberated: 


2Aly+2Na* OHG +6H,Op > 2Na* Al(OH) iaa + 3H; 
nuc 


(d) The Thermite Reaction 

When aluminium powder is mixed with iron(II) oxide in a fire-clay crucible, and 
the mixture ignited with a magnesium fuse (see Fig. 9.9), an extremely 
exothermic reaction takes place producing molten iron: 


2Al -- Fej* O$; > Al2*O254- 2Fep 


Potassium Chlorate(v) 


to help initiate the reaction _— Magnesium ribbon 


Fireclay crucible 
Intimate mixture 

of aluminium powder 
and iron(m) oxide Safety screen ——> 


Sand 


Sand 


Fig.9.9 The thermite reaction 


This reaction can be used for on-the-spot welding. (Caution: the thermite 
Teaction can be very dangerous Owing to the production of molten iron and 
me of sparks. Observers Should maintain a safe distance behind a safety 
Screen. 


In general any reaction between aluminium and the oxide of a less active metal 


sat rdi à thermite reaction; it will be similarly vigorous and highly 


bu 
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9.15 Uses of Aluminium 


Because of its metallic nature aluminium is a good conductor of heat and 
electricity. Its lightness in comparison to copper makes it a useful alternative for 
electric power lines. It is also used for making cooking utensils which are light, 
durable and corrosion-resistant. Aluminium is used extensively with other metals 
to form tough light-weight alloys. For example, duralumin (aluminium, copper 
and magnesium) and magnalium (aluminium and magnesium) are both widely 
used in aircraft manufacture. 

Aluminium foil is used in cooking, in packaging and for milk-bottle tops. 

The metal finds widespread use in the building industry for window frames, 
panels, etc. 


9.16 Compounds of Aluminium 


(a) Aluminium hydroxide, AI? * (OH ); 
When sodium or potassium hydroxide is added to a solution of aluminium 
salt, a white gelatinous precipitate of aluminium hydroxide is formed: 


Al3* (SO 2349 +} 6Na* OH > 2AP * (OH™)3¢)+3NazSO%Gq) 


Aluminium hydroxide is insoluble in water, but if an excess of sodium 
hydroxide is added the precipitate dissolves forming sodium tetrahydroxo- 
aluminate: 


AP*(OH 244--Na* OH, > Na* Al(OH) 0) 


This reaction is unusual in that the aluminium hydroxide shows acidic prop- 
erties in its reaction with the caustic alkali sodium hydroxide. " 
On the other hand, aluminium hydroxide dissolves in hydrochloric acid 


showing its expected basic properties: 
ADP*(OH ~) 36) +3H* Cla > AP* Clia +3H 20 


Hydroxides (or oxides) which show both acidic and basic properties are said to 
be amphoteric. 


(b) Aluminium oxide, Al} *O3~ (alumina) ‘ f 
Aluminium oxide can be prepared in the laboratory by heating the hydroxide: 


t 
2A}? + (OH -so EZ AL*+ 035 +3H:0w 


When freshly prepared it reacts with dilute acids and caustic alkalis, showing its 


amphoteric nature. i ium i 
The finely divided powder is inert and is used as the absorbing medium in 


column chromatography. 
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Soda-lime (to absorb 
excess chlorine) 


Flask with side arm 
Aluminium 


Dry 
chlorine ^ 


Aluminium chloride 
Fig.9.10 Preparation of aluminium chloride 


(c) Aluminium chloride, AD'*Cl5 or Al;Cls 


The chloride can be prepared as shown in Fig. 9.10 by passing dry chlorine over 
heated aluminium: 


2A, J-3Cl; — 2AP * Cla) > AbClg 
This reaction is strongly exothermic. 


Aluminium chloride sublimes and may be collected as its vapour cools. 
Physical measurements indicate that the pure anhydrous chloride exists as 
Al;Clg double molecules which dissociate on heating to give AP*Cly In 


aqueous solution the AI?* jon is highly hydrated and a solution of the chloride 
shows an acid reaction. 


(d) Aluminium sulphate-18-water, AB*(SOi-).18H;O, and the alums 
M*AP*(SO}>),.12H,0 

Aluminium sulphate crystallizes fr 
water of crystallization. When a sol 
potassium sulphate in equimolar q 
salt aluminium potassium 
known as potash alum, is obt 
solution gives reactions which i 
in this case the potassium ion 
ion SO2-, 

It is possible to Prepare a series of ‘alums’, 
unipositive ion K * or NH? combined wit 
Cr?*. For example, chrome alum is chromium(m) potassium sulphate-12- 


water, K'Cr?* (SO). 12H,0; ammonium alum is aluminium ammonium 
sulphate-12-water, NH4 A]? *(SO$ -);.12H5;0. 


; The alums are isomorphous, 
it is possible for a crystal of 


om solution with eighteen molecules of 
ution containing aluminium sulphate and 
uantities is allowed to stand, the double 
sulphate-12-water, K"AI?* (SO$ ),.12H;0, 
ained. Like all double salts, potash alum in 
ndicate the presence of all the constituent ions: 
K*, the aluminium ion AI?* and the sulphate 


each of which contains the 
; ER UR * 
h the tripositive ion AI? *, Fe?* or 


i.e. they are identical in crystalline form. Thus 
Purple chrome alum suspended in a saturated 


Classification of Matter II: The Metals 199 


solution’ of potash alum to acquire a colourless overgrowth of the latter 
having an identical octahedral form. 


9.17 The Transition Metals 


The location of the transition metals within the periodic table is indicated in 
Fig. 9.11. 


Fig. 9.11 Position on the transition ems in the LEE table 


The first transition series of elements (from scandium Sc to copper Cu, inclusive) 
contains some of the most abundant as well as the most industrially important 
metals. These elements all have two electrons in their outermost shell and an 
incomplete penultimate shell of similar energy; hence they display several 
features in common. For example, they have 

(a) high melting points (a consequence of strong metallic bonding) 

(b) pronounced malleability and ductility 

(c) coloured ions (in most cases) 

(d) the ability to catalyse certain reactions 

(e) variable oxidation states, e.g. iron(m) and iron(m), 

positive charge on the ions, e.g. Fe^* and Fe?* 

Iron and copper are typical of the transition metals and have been selected for 
special study because of their enormous practical importance. Table 9.5 lists the 
electronic configurations and physical properties of these two metals. 


associated with variable 


Table 9.5 Physical properties of iron and copper 


Atomic Electronic Density Melting Boiling 

number configuration (kg m^?) point (K) point (K) 
Iron(Fe) 26 2.8.14.2 7870 1808 Z 
Copper(Cu) 29 2.8.17.2 8930 1356 


pe 
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9.18 Iron 


Iron is the fourth most abundant element in the earth’s crust and the second most 
abundant metal. Minerals containing iron which can be profitably extracted are 
called iron ores. These include haematite (Fe,O;) and magnetite (Fe;O,). Because 
of its abundance and relative ease of extraction, iron (including its alloys) is the 
most widely used of all the metals. 

The extraction of iron is carried out in a blast furnace (see Unit 14) and during 
this ‘smelting’ process the molten iron absorbs carbon, silicon, sulphur, man- 
ganese and phosphorus. The percentage of these elements will vary slightly and 
determine the quality of the iron. Although some of the molten iron from the 
blast furnace may be run into moulds of sand to make pig iron, most of it is used 
directly to make steel. 


9.19 Properties of Iron 


Pure iron is a silvery white metal which melts at 1808 K. It is usually coated witha 
layer of the oxide Fe3O, which dulls the surface lustre. 


(a) Rusting 
Iron does not readily corrode when exposed to the action of either dry air or pure, 
air-free water. In the presence of both air and water, however, corrosion occurs 
resulting in the formation of rust. This rust is essentially a hydrated form of 
iron(m) oxide, Fe3*O2- . xH,0. 

To show that the formation of rust requires both air and water, some dry iron 
nails are placed in three test tubes as illustrated in Fig. 9.12. 


Anhydrous 
calcium 


chloride Methylbenzene 


(Toluene) 
Boiled 


Iron nails water , 
(not rusted) Tap water 
i —— ron nails 
Iron nails 
(not rusted) (very rusted) 
Rust 
(a) (b) (c) 
Fig. 9.12 Experiment to show that both air and water are necessary for 
rusting 


ge is no water in tube (a) and no dissolved air in tube (b). Rusting occurs 
after a few days only in tube (c) where the iron is attacked by both dissolved air 
and water. No rusting takes place in tubes (a) or (b). 


noe of iron is an electrochemical process. Impurities and scratches on 
urface collect water containing dissolved air. A tiny electrical cell is set 


F —-——- 
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up, and the iron dissolves as part of an oxidation-reduction reaction within the 
cell. This solution of iron is eventually converted by the oxygen in the air into 
hydrated iron(mr oxide, which we call rust. Rusting is accelerated by the 
presence of an electrolyte (e.g. sodium chloride from sea water or from roads 
that have been ‘salted’ to prevent icing) which increases the conductivity of the 
solution in the tiny cell. 

Prevention of rusting. A considerable amount of time and money is spent on 
protecting iron from corrosion, particularly in the motor-car industry, the 
building and engineering trades, indeed wherever iron is exposed to the 
atmosphere. The common methods of protection include: 

(i) Painting. A coating of paint protects iron by excluding air and moisture. 

(ii) Galvanizing. In this process the iron is dipped into molten zinc, thus 
covering the surface of the iron with a thin layer of zinc which does not readily 
corrode. 

(iii) Plating. Iron is covered with a thin layer of a metal which is resistant to 
corrosion. Metals such as chromium and nickel are deposited on the iron by an 
electrolytic process. Tin-plate, from which tin cans are made, is produced by 
dipping sheets of iron or steel in molten tin. 

(iv) Phosphatizing. A thin, tenacious layer of impervious iron(1) phosphate 
can be produced on the surface of iron by reaction with a suitable phosphate 
solution. 


(b) Reaction with Steam 
Iron at red heat decomposes steam, producing hydrogen and the ‘compound 
oxide’ iron(u) di-iron(im) oxide. This reaction is reversible: 


3Feu -H4H50( = Fe304( T 4H 215) 


(c) Reaction with Acids TEN 
Iron dissolves in most dilute acids and in concentrated hydrochloric acid, liberat- 
ing hydrogen and producing iron(11) salts. For example: 

Fey) +2H* Cla > Fe?* Clijaqy + Hae) 

Fe, +H} SOG T Fe?* SOR Hz 
tion takes place due to the strong 


c acid renders iron passive by 
-iron(11) oxide, Fe304. 


With dilute nitric acid a complex reaction | 
oxidizing nature of the acid. Concentrated nitric 
forming an impervious surface film of iron(tt) di 


9.20 Compounds of Iron 


i OE 
Having two oxidation states, iron(Ir) Fe?* and iron(ur) Fe? *, iron is capable of 
forming two types of compound. Whether an atom loses rae electrons to en 
an Fe?* ion, or loses three electrons to become an Fe^" ion depends on the 


nature of the reacting substance. 


P * 
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The two oxidation states of iron are related as follows: 


oxidation 


iron(u) iron(II) 


reduction 
In an oxidation reaction, iron(m) loses an electron: 


oxidation 
Fe?+——_> Fe?* +e 


In a reduction reaction, iron(i) gains an electron: 


Fé +e reduction Fe?+ 


(a) Oxides 
Iron(1t) oxide, Fe? * O?-, is stable only at high temperatures. 


Iron(u) oxide, Fe3*O2-, is prepared as a red powder when green iron(ir) 
sulphate crystals are heated: 


2Fe?* SO? - .7H;0,, > Fej* 0345 +SO2(g) t SOs + 14H50 
This oxide is used for polishing metals and glass (‘jeweller’s rouge’) and as a red 
pigment. 

As well as the oxides corresponding to iron(11) and iron(m), there is a third 
oxide, iron(m) di-iron(m) oxide, whose formula can be written as either 
Fe?* OQ? - . Fe3* O2- or Fe;0,. This is in fact the most readily prepared of the 
three oxides, and is formed when steam is passed over heated iron or when iron 
burns in air: 


3Fe +202 > Fe3O4 


(b) Hydroxides 


Iron(u) hydroxide, Fe?*(OH-),, is obtained as a pale-green precipitate when 
sodium hydroxide solution or aqueous ammonia is added to a solution of an 
iron(11) salt. For example: 


Fe? * SOR qa +2Na* OH, > Fe?* (OH 2, Na $ SOiiq) 


The hydroxide dissolves in acids forming a solution of a salt. For example: 
Fe?* (OH ~) +H} SO , > Fe?* SO2 42H20 
This solution shows the characteristic green colour of the hydrated Fej, ion- 
Iron(mi) hydroxide, Fe? * (OH ^), is obtained as a ‘foxy’ red-brown precipitate 


when sodium hydroxide or aqueous ammonia is added to a solution of an 
iron(m) salt. For example: 


Fe? + (SO2-),,,- 6Na* OH, > 2Fe?* (OH ),,,--3Na SO25.) 


The precipitate dissolves readily in acids forming a solution showing the 
characteristic yellow-brown colour of the hydrated Fe? ion. 


Y 
4 
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(c) Chlorides 
Iron() chloride, Fe?*Cl;, is formed as a white solid when hydrogen chloride 
gas is passed over heated iron: 


Fe,--2HClg ^ Fe?* Cli) + Hare) 


The apparatus used for this preparation is shown in Fig. 9.10. 
When iron is added to dilute or concentrated hydrochloric acid, a solution of 
iron(11) chloride is produced: 


Fe, +2H* Cla ^ Fe?* Cling Haw 


Iron(11) chloride-6-water can be crystallized from this solution, but it is difficult 


to obtain the anhydrous salt. 
Iron(m) chloride, Fe?*C15, is formed as a red-black solid when chlorine is 


passed over heated iron: 
2Feu4-3Cbg; ^ 2Fe? * C1345) 


Once the reaction has begun the heat produced is sufficient to sustain the 
reaction without further external heating. The chloride sublimes and can be 
collected in a cooled receiver like that shown in Fig. 9.10. 

When iron(i1) oxide dissolves in hot concentrated hydrochloric acid a deep 
yellow-brown solution containing iron(m) chloride is produced: 


Fe3* Od +6H* Clea > 2Fe?* Clau + 3H20m 


It is again difficult to obtain the anhydrous salt from this solution. 


(d) Sulphates 
Iron(u) sulphate, Fe?* S047, is produced when dilute sulphuric acid acts on 


iron: 
Fey) +H? SOA Fe?* SOZ@q) t Hae 

Hydrogen is evolved and the solution obtained has the pale-green colour charac- 
teristic of the hydrated Fe?* ion. Crystallization from this solution yields the 
heptahydrate Fe?* S047 . 7H20- HYS 

Iron(u) sulphate, Feł + (S047 ), can be prepared by the oxidation of 
iron(11) sulphate in sulphuric acid using a suitable oxidizing agent. For ex- 
ample, using hydrogen peroxide: 


2Fe?* SO, Hs SO%ent H2O200 7 Fe}* (S02 Dea 2H:O0 


9.21 Oxidation and Reduction of Iron Salts 


The conversion of iron(11) to iron(im) is an oxidation process. Thus oxidation of 


any iron(n) salt with an appropriate oxidizing agent produces an iron(m) salt. 


Suitable oxidizing agents are hydrogen peroxide, concentrated nitric acid, 


chlorine and even concentrated sulphuric acid. For example, with chlorine: 


2Fe?* Clan t Cl) 7 2Fe?* Cli ag) 
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The conversion of iron(111) to iron(I) is a reduction process. Suitable reducing 
agents include hydrogen sulphide and metals as they ionize, e.g. zinc powder 
and dilute sulphuric acid. 


When hydrogen sulphide is passed into iron(1m) chloride solution a precipitate 
of sulphur is observed: 


2Fe?* Cl, +H Sig) — 2Fe?* Cl, + 2H * Clg) + Su 


On filtering this pale-yellow precipitate, the characteristic green solution of 
iron(11) chloride remains. 

Metals towards the top of the electrochemical series (see 5.9) can dissolve in 
acid or aqueous solution to yield electrons which reduce iron(i) to iron(t). 
For example, if zinc powder is added to an acidified solution of iron(ut) 
sulphate, iron(11) sulphate is obtained. 


2* = 
Zn, > Zna +2e 


2Fe3*, 42e- + 2Fe2* 


(aq) (aq) 
Adding: Zn 2Fei,, > Zno; *2Fe2 


9.22 Tests for Iron(it) and Iron(ir) Ions 


(a). When sodium hydroxide or aqueous ammonia is added to a solution of 
an iron salt, a green gelatinous precipitate indicates iron(n), whereas a ‘foxy’ 
red-brown gelatinous precipitate indicates iron(im) (see Section 9.20). 

(b) The addition of potassium thiocyanate to a solution of an iron salt 
produces a blood-red coloration if iron(II) ions are present; iron(it) ions do not 
react. The test is extremely sensitive and trace amounts of iron(111) ions can often 
be detected in solutions containing mainly iron(11) ions. 

(c) When potassium hexacyanoferrate(11), K 2 Fe(CN)é~, is added to a solution 
of an iron salt, a deep-blue precipitate (‘Prussian blue’) indicates the presence of 


an iron(rt) salt. With iron(11) ions a white precipitate forms which rapidly turns 
blue. 


9.23 Copper 


Although copper does not occur abundantly in nature, its consumption among 
the metals is only exceeded by iroi 


n n and aluminium. Most of the world's copper is 
obtained from the sulphide ore chalcopyrite (copper pyrites) CuFeS;. The 
sulphide ore is heated in a reverberatory furnace to produce ‘blister copper’, à 
crude form of the metal. A reverberatory furnace (Latin reverberare = to beat 
back) is one in which the flame is reflected down on to the hearth from the vaulted 
i of the heating chamber; thus the ore does not come into contact with the 
uel. 


The impure copper is refined by making it the anode of an electrolytic cell 
which has thin strips of pure Copper as the cathode and copper(11) sulphate as 


the electrolyte (see Fig. 9.13). 
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Copper(n) sulphate solution 
(electrolyte) 


Impure copper anode dissolves 


Copper deposited on thin 
copper cathode 


Anode slime containing silver and gold 


Fig. 9.13 Electrolytic refining of copper 


During electrolysis the anode dissolves and pure copper is deposited on the 
cathode (see Section 5.10 for details). The impurities (including valuable amounts 
of silver and gold) from the crude copper collect as a sludge below the anode. 


9.24 Properties of Copper 


Pure copper is the only red metal. On exposure to the atmosphere it becomes 
coated with a protective patina of green basic copper(i) carbonate. The metal is 
not attacked by water (or steam). Copper will not dissolve in acids to liberate 
hydrogen, but it will dissolve in oxidizing acids, such as nitric and sulphuric, 
as indicated in the following reactions. 

(a) With 50% nitric acid, nitrogen monoxide is produced as the copper 
dissolves to form a blue solution containing the hydrated copper(it) ion: 


3Cu,, - 8H* NO sas > 3Cu2* (NOS) e/aq) + 2NOq4-4H;0q 
(b) With concentrated nitric acid, brown nitrogen dioxide is formed: 
Cu) +4HNO3) > Cu?* (NOS) 20g -2NO zu) +2420 


(c) With hot concentrated sulphuric acid, colourless sulphur dioxide gas is 
liberated: 
Cu +2H S040 > Cu2*S02 gq) S03, +2H200 


9.25 Uses of Copper 


copper finds widespread use in 


Because of its excellent electrical conductivity, 3 : 
electronic equip- 


electrical engineering, from large-scale generators to minute 
ment. 
Pure copper is relatively soft, but its strength can be improved by diee with 
other metals. The chief alloys are brass (copper with up to 40% zinc) and bronze 
EP 


NY 
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(copper with up to 107; tin). Bronzes with small quantities of phosphorus are 
called phosphor bronze and are particularly valuable as springs for delicate 
instruments. 

Copper is used as a roofing material, in water piping, in radiators, in under- 
floor heating and in many other applications throughout the building industry. 
Copper and its alloys find a use in almost every walk of life. 


9.26 Compounds of Copper 


Copper has two oxidation states: copper(1) Cu* and copper(i) Cu?*. However, 
the hydrated copper(1) ion is unstable and decomposes in solution into copper 
and the copper(1) ion. For this reason the only copper(1) compound we need to 
consider is copper(1) oxide. 

(a) Oxides 

Copper(i) oxide, Cu$O?—, is obtained as an orange-red precipitate in the 
reduction of an alkaline solution of copper(II) sulphate. This reaction is used 
as a test for a reducing agent such as glucose (C5H1 206). 

When this oxide is warmed with dilute sulphuric acid, a blue solution of 
Copper(m sulphate is produced together with a dark-red precipitate of 
copper: 

Cuz OG, +H} SO , > Cu?* $0254) + Cu) HHO 

Copper(it) oxide, Cu?* O?-, is obtained as a black solid when the nitrate, 

carbonate or hydroxide of copper(I) is heated: 


2Cu? *(NOj); > 2Cu?*02-+ 4NO; Ozo 
Cu?* CO%5 > Cu?*02,-+ CO 
Cu?* (OH 24, + Cu* 02; -H,0,, 


When copper itself is heated in air its surface becomes blackened with a coating 
of copper(i1) oxide: 
2Cu,--O4( > 2Cu?* OQ 
Copper(r) oxide is a basi 


c oxide, insoluble in water but dissolving in dilute 
acids to form Copper(t) sal 


ts. Hydrogen will reduce the heated oxide to copper: 
Cu?* 0H > Cu) +H, 0%) 
(b) Copper(i) hydroxide, Cu?*(OH - » 


A blue-green gelatinous precipitate of copper(ri) hydroxide is obtained when a 


solution of a caustic alkali (e.g. sodium hydroxide) is added to a solution of a 
copper(tr) salt such as copper(r) sulphate: 


2 m 
Cu? * SO%ia)+2Na* OH, > Cu?*(0H Jz + Naz SO2, 


If aqueous ammonia is added to a solution of a copper(i) salt, the initial 
result is the precipitation of copper(11) hydroxide: 


2+ 2- 
C803, + 2NH sa E 2H,0, > Cu? + (OH^)4,-- (NH2),SO 2,4) 
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Further addition of aqueous ammonia causes the blue-green precipitate of 
copper(it) hydroxide to dissolve, forming a deep royal-blue solution containing 
the tetra-ammine-copper(1I) ion: 


Cu?* (OH ) a4) + 4NH3 (aq) > Cu(NH3)2* (OH 5g 


At one time this solution was used to dissolve cellulose in the production of 
‘artificial silk’. 


(c) Copper(11) sulphate-5-water, Cu?*SOi .5H;O 

The preparation of copper(i) sulphate crystals is described in Section 8.13. 
This blue crystalline salt containing five molecules of water of crystallization is 
probably the most familiar of the copper(11) salts and has many uses. It is used in 
electroplating, in dyeing and printing textiles, as a wood preservative and as a 
fungicide in Bordeaux mixture. 


(d) Copper(i) nitrate-3-water, Cu?*(NO3)2.3H20 $ 
This salt is prepared in solution by the action of moderately concentrated nitric 
acid on copper: 


3Cu, +8H* NO Seq) > 3Cu2* (NO5) 240g) -2NO - 4H;09 
It is very deliquescent, and isolation of the anhydrous salt is difficult. 
On strong heating, copper(t) nitrate decomposes forming black copper(II) 
oxide, brown nitrogen dioxide and oxygen: 


2Cu?* (NO5) 2) > 2Cu?* Of; --ANO;q + O20 


(e) Copper(11) carbonate E R 
A basic copper(m) carbonate occurs naturally in the mineral malachite, 
Cu?*CO2 - .Cu?*(OH 2). On heating, it forms copper(ir) oxide and liberates 


carbon dioxide: 
Cu?*CO2-.Cu?*(OH )4 > 2Cu?* O2; + COa. t H20% 


9.27 Zinc 


Zinc is the first non-transition metal to occur al 
metal in the first transition series). Its major physical characte! 
Table 9.6. 


after copper (copper is the last 
ristics are listed in 


Table 9.6 Physical properties of zinc 


Atomic Electronic Density Melting Boiling 
number configuration (kg m^?) point (K) point (K) 


7140 693 1180 


Zinc (Zn) 30 28.182 
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Zinc occurs naturally as zinc blende, Zn?* S?-, and to a lesser extent as 
calamine, Zn?* CO3~. These ores are first roasted in air to produce the oxide: 
2Zn?*$2— 3044 > 2Zn?* OZ; +2809) 
Zn?* CO$, > Zn?*O2, +CO2) 
Then the oxide is reduced to the metal by heating with powdered coke: 


Zn?* OG) + Cu > ZN q+ CO) 


Zinc vapour is condensed and the liquid run into moulds. 


(a) Properties 

Pure zinc is a silvery white metal; on exposure to the air it becomes coated with a 
thin protective layer of the oxide and the basic carbonate. The metal does not 
react with water, but heated zinc will displace hydrogen from steam: 


Zn) +H20 > Zn?* OG) + Hoi 


Most mineral acids react with the metal to liberate hydrogen, although the 
reaction is much slower than might be expected. Impure zinc dissolves quickly 
in both dilute hydrochloric and sulphuric acids. For example: 


Zn) +2H* Cl, > Zn?* Cl, + Hoi 


Reaction with nitric acid is complicated because of the strong oxidizing 
nature of this acid. Depending on the conditions, nitrogen dioxide, nitrogen 
monoxide and dinitrogen oxide (nitrous oxide) are formed together with zinc 
nitrate. 

Zinc dissolves in caustic alkali solutions forming the tetrahydroxozincate 
ion and liberating hydrogen. For example, with sodium hydroxide: 


Zn4--2Na* OH qq) +2H20q) > Naz Zn(OH)igq + Ha) 
(b) Uses 


Large quantities of the metal are used in galvanizing iron to protect it from 
corrosion. 


Zinc is also important in alloys such as brass (zinc and copper), and as the 
negative electrode in dry batteries. 


9.28 Compounds of Zinc 
In contrast to the transition metals, zinc has only one oxidation state (Zn? *) and 


thus forms only one series of compounds. The common zinc compounds show 
few anomalous properties. 


(a) Zinc oxide, Zn?* O?- 


Z : : 
n oxide can be prepared in the usual way by the action of heat on the 
ydroxide, carbonate or nitrate. For example: 


Y GN 


2+ — 
2Zn?* (NO; Jas) > 2Zn? * OG HANO + Ozio 
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The oxide is a white solid which changes to pale yellow on being heated and 
back to white again on cooling. 
It is an amphoteric oxide, dissolving in both acid and alkali: 


Zn?* OQ; +2H “cki” Z»?* Cl344 + H200 
Zn? +O; +2Na *OHqa t H,0q ^ Naj Zn(OH) iia) 


Zinc oxide is used in antiseptic ointments and as a white pigment in paints. 


(D) Zinc hydroxide, Zn?*(OH ); 
The hydroxide is formed as a white gelatinous precipitate when an alkali is 
added to a solution of a zinc salt. For example: 
2Na* OH Zn?* S02, 7 Zn? (OH -Jo Na? SO%¢ea 
If the sodium hydroxide is added in excess, the precipitate dissolves: 
Zn** (OH -Jno 2Na* OH eq) — Naz Zn(OH)i¢ea) 

Zinc hydroxide is also soluble in aqueous ammonia owing to the formation 

of the soluble colourless tetra-ammine-zinc ion, Zn(NH3A 


(c) Zinc sulphate-7-water, Zn?*SOi .7H20 

The sulphate is a white crystalline solid formed by dissolving the hydroxide, 
oxide, carbonate or metal in dilute sulphuric acid and evaporating the re- 
sulting solution to crystallization point. 


(d) Zinc nitrate-6-water, Zn?* (NO3)2-6H20 3 ; 
This very deliquescent hydrated salt is decomposed on heating into zinc oxide, 
nitrogen dioxide and oxygen (see zinc oxide above). 


9.29 Lead 


Lead has been known for at least 5000 years and by Roman times was in common 
use for making water pipes etc. The chief source of lead is the sulphide ore galena 
Pb?*S?-, which is often found with zinc blende z»^Ss^. 
Galena is first roasted in air to form the oxide: 
2Pb?* $2; +3029 > 2pp?* 02, +2502% 


The oxide is then reduced with coke in a small blast furnace, molten lead being 


‘tapped’ from the base of the furnace: 
Pb? OZ, Co > Phot CO 
The major physical characteristics of lead are listed in Table 9.7. 


Table 9.7 Physical properties of lead 


i i i i Boiling 

Atomic Electronic Density Melting i 

number configuration (kg m™ Y point (K) point (K) 
8.18.32.18.4 11340 600 2017 


Lead (Pb) 82 2 
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(a) Properties 

Pure lead is a soft silvery grey metal which becomes coated with a whitish pro- 
tective film of basic carbonate on exposure to damp air. It slowly dissolves in 
‘soft’ water, but in ‘hard’ water a protective coating of the sulphate or car- 
bonate is formed on the inside of lead pipes preventing dissolution. 

Lead is low in the electrochemical series and does not readily dissolve in dilute 
sulphuric or hydrochloric acids: reaction is inhibited by the insoluble lead() 
chloride and lead(11) sulphate which forms on the surface of the metal. 

However, lead does dissolve in nitric acid, dilute or concentrated, forming 
the nitrate. With dilute acid the reaction is 


3Pb,, +8H* NO Zag) > 3Pb?* (NO5)244-2NO 4 + 4H 20, 
With concentrated acid the reaction is 


Pb, +4HNO 3, > Pb? *(NO3) (aq) + 2NO 2) + 2H 20) 


(b) Uses 
The compound tetraethyl-lead(1v), Pb(C;H,),, is widely used as an ‘anti-knock’ 
additive in petrol to inhibit pre-ignition. 


Large quantities of lead are used in making the plates of lead accumulators 
(car batteries). 


Lead is an efficient absorber of X-rays, gamma rays and other harmful radiation 


and is therefore used for screening purposes wherever radioactive materials are 
handled. 


9.30 Compounds of Lead 


In most of its common compounds lead shows a Pb?* oxidation state, but with 
four electrons in its outer shell the possibility of a Pb** oxidation state exists. 
This latter state is not common and the only example of it that we need to consider 


is the oxide Pb** 03 -. 
(@) Oxides 
Lead(n) oxide, Pb?* O?—, is yellow in colour. It can be prepared by heating the 
carbonate or nitrate: 
2Pb? *(NO; )z — 2Pb?* Od INO; 4-0; 


To some extent this is an amphoteric oxide, but its basic properties are more 
pronounced than its acidic properties. 


Lead(tv) oxide, Pb** O$ 7, is a dark-brown solid which can be prepared by the 


action of dilute nitric acid on ‘red lead’ (see below). It decomposes on heating 
to lead(ir) oxide and oxygen: 


2Pb** O35 > 2Pb? +O -+ Ozo 


As well as the oxides corres i i ; 
s c ponding to lead(1) and lead(1v), there is a third 
"3 common oxide, dilead(m) lead(1v) oxide, whose formula can be written as either 


A 
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Pb**03~ .3pb?*O?- or Pb;O,. This compound is often referred to as 'red 
lead' because of its bright scarlet colour. It can be obtained by maintaining 
yellow lead(11) oxide at a temperature of 400-450 °C in air. At higher temperatures 
the ‘red lead’ decomposes into lead(11) oxide again: 

400-450 °C 

6Pb/*O?---O; —————— 2Pb304 
>450°C 

Dilead(11) lead(1v) oxide behaves as à mixture of lead(1) and lead(1v) oxides. 
When it is warmed with dilute nitric acid the red colour quickly disappears and 
insoluble dark-brown lead(1v) oxide remains: 


Pb** 02 -. 2Pb?* Of) +4H* NO3iaq) 7 Pb** 03,5 +2Pb?* (NO 32209 +2420 
All of the lead oxides can be readily reduced to the metal when heated in 


hydrogen, carbon monoxide or with carbon. Essentially the reaction is the 
reduction of lead(r) oxide. 


Pb? +O -- Hag > Phot H20% 
Pb? * OZ; -- CO, > Phot COx 
Pb?* 0%) +Co ^ Pb t COw 


One of the characteristic tests for lead is to heat a little of the suspected lead 
compound in a depression on a charcoal block using a blowpipe. If lead is present 
it will be reduced by the charcoal (carbon) and a silvery globule of the metal will 
result. 


(b) Salts 
Most lead(11) compounds, including the sulphate, halides, carbonate and 
sulphide, are insoluble in cold water and can be prepared by double-de- 
composition reactions involving precipitation. In order to prepare these 
compounds it is necessary to obtain a soluble lead(ir) salt such as the nitrate 
and add a solution containing the appropriate anion. 

Lead(u) nitrate, Pb^* (NO3 Ja, is obtained by dissolving the metal, carbonate 
or lead(11) oxide in warm dilute nitric acid. For example: 

Pb?* 02, +2H* NOs — Pb?*(NO 32289 + H200 

no water of crystallization. 
d as a white precipitate when 
nitrate solution: 


The nitrate crystallizes from solution and has 
Lead(u) hydroxide, pb?* (OH ^),, is obtaine 
sodium hydroxide solution is added to lead(11) 
Pb?* (NO; zaart 2Na* OHaa > p? + (OH 29+ 2Na* NOso 
This precipitate will dissolve in excess sodium hydroxide. : a 
Lead(n) chloride, Pb? * Cla , can be prepared by adding a solution containing 
Cl- ions to lead(1) nitrate solution. For example: 


Pb?* (NOS) 200) + 2N8 Cleo > Pb?* Cl, + 2Na* NOs 
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The white precipitate of lead(m) chloride is soluble in hot water. 
Lead(u) iodide, Pb?*17, is obtained as a bright yellow precipitate when 
potassium iodide is added to a solution of a lead(it) salt. For example: 


Pb?* (NO5) faq) + 2K *15, > Pb? * 134) -+2K * NOn) 


If the precipitate is redissolved by heating, bright yellow ‘spangles’ appear as the 
solution cools. This reaction can test for the presence of Pb?* ions in solution. 

Lead(u) sulphate, Pb^*SO$^, is obtained as a white precipitate when any 
solution containing the sulphate ion SO is added to lead(i) nitrate solu- 
tion. For example, using dilute sulphuric acid: 


Pb? + (NO; Jao +H? SO$,, — Pb?*SO2;-2H*NO;u 


9.31 Principles Underlying the Extraction of Metals 


The position of a metal in the electrochemical series (see Table 9.8) is a useful 
indication of its reactivity. Oxidation potential (the reverse of reduction po- 
tential) measures the tendency of the metal to lose electrons and go into solu- 


tion as positive hydrated ions. Thus potassium near the top of the series is 
much more likely to lose an electron 


Ko > Kite 
than is silver which lies near the bottom of the series: 


Ags) > Agiaq +e 


The extraction of metals from their ores is essentially the reverse of this process, 
i.e. it is a reduction process, and thus we can predict that silver and metals low in 
the electrochemical series are obtainable from their ores much more easily than 
potassium and metals high in the series. A metal’s position in the electrochemical 
series therefore has a strong bearing on the choice of method for its extraction. 

Extraction processes can be classified into three main types: 


(a) Heating the ore 
Metals low in the e 
tendency for these 
‘native’ as the free 
For example, merc 


(for metals low in the electrochemical series) 
lectrochemical series include silver, mercury and gold. The 
metals to become ions is so small that they sometimes occur 
metal or can be extracted simply by heating the ore in air. 
ury is obtained by heating the sulphide ore cinnabar : 


Hg'' St + Oo) — Hg, -- SO; 


(b) Reduction of the oxide 
(i) With carbon or carbon 


monoxide (for copper, lead, iron and zinc) 
Ores of metals higher than sil ys 


ver in the series do not decompose directly to the free 
metal simply on heating. If t 


, he ore is an oxide it must be reduced by heating with a 
reducing agent such as carbon or carbon monoxide: 
Fej 


*035+3CO) + 2Fey + BO. 


Classification of Matter II: The Metals 213 


Ores other than oxides, particularly sulphides, have to be roasted in air to 
produce the oxide which can then be reduced. Thus: 


2Zn?* S1; 304 > 2Zn?* OF; 2804 
then Zn?* 02; C > Zna COto 


(ii) With a metal higher in the electrochemical series 
The thermite reaction (described in Section 9.14) is useful for the extraction of 
small quantities of carbon-free metals such as chromium, manganese and 
titanium. This method is expensive and would thus be used only for obtaining in 
a very pure state special-purpose metals whose oxides are not readily reduced by 
carbon. For example: 
2A1,4-Cr?* 030 > 2Cr +A13* Os. 


(c) Electrolysis of the fused ore (for metals high in the electrochemical series) 
Electrolytic processes, in which electrical energy is used to convert metal ions into 
atoms, are some of the chemist’s most powerful devices for winning reactive 
metals from their ores. They form the basis for the industrial manufacture of 
sodium and aluminium (see Unit 14), potassium, magnesium and calcium. 

In addition, electrolytic processes can be used in the purification of many 
metals, e.g. copper (see Sections 5.10 and 9.23). In this process the impure metal 
acts as anode and a small amount of pure metal is used as the cathode. The metal 
is transferred from the anode to the cathode during electrolysis. 

The relationship of the above methods of metal extraction to the electro- 
chemical series is summarized in Table 9.8. 


Table 9.8 Extraction of metals 


Electrochemical series : Method of extraction 
(based on reduction potentials) 


Potassium, K Electrolysis of fused ore 


Calcium, Ca 
Sodium, Na 
Magnesium, Mg 
Aluminium, Al 


Conversion of ore to oxide 


Manganese, Mn t i 
followed by reduction with 


Decreasing ease of metal extraction — 


Zinc, Zn v 
Chromium, Cr carbon, carbon monoxide 

Iron, Fe or aluminium 

Tin, Sn 

Lead, Pb 

Copper, Cu 

Silver, Ag : 

Mercury, Hg Heating the ore 

Gold, Au A 
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Summary of Unit 9 
| 


1. Metals have a lattice structure composed of positive ions surrounded by asea | 
of mobile electrons. This structure accounts for their high electrical and | 
thermal conductivity, metallic lustre, malleability and ductility. | 

2. Metals readily lose electrons to form cations. They also form basic oxides. 

3. The alkali metals cach have a single electron in their outermost energy level. 
Their chemistry is the chemistry of their ions (M*). Reactivity increases with 
increasing atomic number, as illustrated by their reactions with water and air. 

4. Alkali metals impart a characteristic colour to a bunsen flame. X 

5. Important compounds of the alkali metals include sodium chloride, sodium 
hydroxide, potassium hydroxide, sodium carbonate and sodium hydrogen- 
carbonate. 

6. The alkaline-earth metals can all easily attain a noble-gas structure by | 
losing their two outer electrons to give stable ions (M? *). Important com- 
pounds include calcium carbonate, calcium hydroxide, calcium sulphate. 

7. Aluminium is the most abundant metal in the earth's crust: it occurs in clays, 
bauxite, etc. Its reactivity is reduced by an inert protective oxide layer which 
makes the metal resistant to attack. 

- The oxide and hydroxide of aluminium are amphoteric. 

- The first transition series of elements includes iron and copper. Metals in this 
series have two electrons in their outermost shell and an incomplete pen- 
ultimate shell of similar energy. 

10. Iron rusts in moist air. This oxidation process is prevented by coating the 

metal with a protective film. 

11. Iron forms two series of compounds; it shows an oxidation state of either 
+2 (iron(m)) or +3 (iron(m)) 

oxidation 
iron(n) |. ^ iron(m 
on( feducton (m) 

12. Compounds of iron containing the hydrated iron(11) ion are green, whereas 
those containing the hydrated iron(m) ion are brownish. 

13. Reaction with sodium hydroxide or potassium thiocyanate or potassium 
hexacyanoferrate(rt) can be used to distinguish between solutions con- 
taining iron(11) and iron(im) ions. 

14. Copper is purified electrolytically, 

15. AMO is not attacked by warer and will not liberate hydrogen from dilute 


Coo 


16. The two oxidation states of Copper are copper(I) and the more common 
copper(i). 

17. Hydrated copper(I!) ions are blue. 

18. Zine is extracted from its sulphide ore zinc blende by roasting to the oxide 
followed by reduction with carbon. 

19. Zinc "ime the alkaline-earth metals, and its only oxidation state is 
zinc(u). 


25. 


26. 
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. Zinc oxide and zinc hydroxide are amphoteric, dissolving in both acid 
and alkali. 
Lead is extracted by roasting to convert its ores to the oxide which is then 
reduced to the metal with carbon (coke). 
Being low in the electrochemical series, lead is less reactive than zinc or iron. 
Lead can exist in two oxidation states: lead(1) and the less common lead(iv) 


. The three common oxides of lead are lead(n) oxide (yellow), lead(iv) oxide 


(dark brown) and dilead(r) lead(rv) oxide (red). 
Most lead salts are insoluble and can be prepared by appropriate double- 
decomposition reactions involving precipitation. 
Metals are extracted from their ores according to their position in the 
electrochemical series. 
(a) Reactive metals high in the series require a high-energy process such as 
electrolysis. 
(b) Unreactive metals low in the series are either found naturally or are 
recovered simply by heating the ore. 
(c) Other metals are usually extracted by heating the ore to convert it to 
the oxide and then reducing this with carbon, carbon monoxide or 
aluminium. 


Test Yourself on Unit 9 


From the following list of metals: sodium, calcium, aluminium, iron, mag- 


nesium and copper, which one has 


2: 


(a) no reaction with dilute hydrochloric acid? 
(b) ions with oxidation states of +3 and +2? 
(c) a violent reaction with water? 
(d) a brick-red coloration in a bunsen flame? 
(e) a brilliant white flame as it burns? 
(f) a reaction with sodium hydroxide solution liberating hydrogen? 
(g) a red-black solid chloride which readily sublimes? 
(h) a deliquescent hydroxide? ' c 
(i) a black oxide which dissolves readily in dilute acids to give a blue solution? 
Q) the greatest possibility of being found native? 
Identify the following metals from the information given: — 
(a) Metal A can be cut with a knife. When a small piece of A is dropped on to 
water it melts into a silvery ball, burns with a lilac flame and rushes around the 
surface of the water, gradually disappearing. — : 
(b) Metal B has a yellow oxidé, a dark-brown oxide anda red oxide. > 
(c) Metal C is the only red metal. It dissolves readily in nitric acid to form 


a blue solution. yellow when hot and white 


(d) Metal D has an amphoteric oxide which is pale 


when cold. ten 
(e) Metal E is the alkali metal which is the least reactive wī water. 
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3. The electronic configurations of four metals W, X, Y and Z are 
W: 2.8.8.1 
X: 2.8.14.2 
Y: 2.8.8.2 
e281 
Which metal(s) would you expect to 
(a) bea transition metal? 
(b) form a unipositive ion? 
(c) show more than one oxidation state in its compounds? 
(d) be in the same group in the periodic table? 
(e) form a colourless dipositive ion? 


4. Compound A isa green crystalline salt of iron which gives the following results 
when tested: 
(a) Addition of barium chloride solution to a solution of A results in the 
formation of a white precipitate B, which is insoluble in dilute hydrochloric 
acid. 
(b) On heating A, water vapour and two oxides of sulphur (C and D) are 
liberated, leaving a red-brown residue E. 
(c) E dissolves in warm concentrated hydrochloric acid to give a yellow 
solution F. 
(d) With hydrogen sulphide, the solution F yields a yellowish-white precipitate 
G, which when filtered leaves a green filtrate H. 
Identify the substances A to H. Name and give the colour of the precipitates 
formed when excess aqueous ammonia is added to (i) a solution of A, and (ii) a 
solution of A treated with concentrated nitric acid. 


5. Are the following statements true or false? 
(a) Elements high in the electrochemical series (e.g. potassium) are extracted 
from their ores by an electrolytic process. 
(b) Being lower in the electrochemical series, lead is less reactive than 
magnesium. 
(c) Copper liberates hydrogen from dilute hydrochloric acid. 
(4) Metals readily gain electrons to form cations. 
(e) All ammonium salts liberate ammonia gas on warming with a dilute acid. 
( Both sodium carbonate and calcium carbonate give carbon dioxide 
with a dilute acid and are decomposed to the oxide on heating. 
(g) Aluminium metal reduces iron(rr) oxide to iron in the thermite reaction. 
(h) An amphoteric oxide shows both basic and acidic properties. 


Mark this test out of 40 with the answers given on page 278. 
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Unit Ten 


Classification of Matter Ill: The 
Non-metals 


Non-metallic properties 


Non-metals in the Periodic 
Table 


The halogens Hydrogen 


Oxygen and Nitrogen and 
sulphur phosphorus 


Carbon and silicon 


This Unit looks at the properties of some of the more important non-metals and 
their compounds. The properties and group relationships are developed for the 
halogens, and the properties of non-metals from other groups are studied in some 
detail. 


10.1 What are Non-metals? 


The properties of a small group of elements (about one-sixth of the total number 
of elements) located in the upper right-hand corner of the periodic table (see 
Fig. 10.1) are quite unlike those discussed in Unit 9. 

These elements are termed the non-metals. In general they have melting and 
boiling points below 500 °C (in fact most are gases), and in the solid or liquid state 
do not conduct electricity. Can the marked difference in properties between the 
metals and non-metals be explained in terms of electronic structure? . 

In Unit 9 the physical properties of metals were explained by a model which 
envisaged positive metal ions held in a *sea' of delocalized mobile electrons (see 
Fig. 9.1). Metallic properties are therefore associated with the metal in bulk and 
not with individual isolated atoms or molecules. In contrast, non-metallic 
properties point to the existence of small, isolated, individual units. Most non- 
metals exist as small separate molecules with very weak attractive forces. 


(known as van der Waals’ forces) between them. There are no delocalized 
mobile electrons to hold the individual units together, and non-metals there- 
lectrical conductivity) which 


fore lack those properties (such as lustre and e 

are associated with mobile electrons. 
Chlorine, a non-metal, is composed of Cl; 

chlorine molecule are held together by a strong cov 


molecules. The two atoms in each 
alent bond, but the attractive 
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Fig. 10.1 Position of the non-metals in the periodic table 
forces between molecules are merely the weak van der Waals’ forces (see Fig. 10.2). 
It is because the forces of attraction between chlorine molecules are so weak that, 
under standard conditions, the element exists as a gas. 


10.2 Non-metals with a Giant Structure 


Not all non-metallic elements have the physical properties (e.g. low boiling and 
melting points) which characterize chlorine gas. Some, notably carbon with four 


\ 
Weak van der Waals’ forces 
between molecules 
1 Y 


- oO’ 
*'eit ot 


Mim covalent 


bonds within each 
chlorine molecule 


Fig. 10.2 Structure of chlorine gas, showing the weak forces of attraction 
between neighbouring molecules 
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electrons in its outer shell, are able to form giant molecules composed of many 
individual atoms joined together by strong covalent bonds. Carbon forms two 
such giant structures: diamond (shown in Fig. 2.16) and graphite (shown in Fig. 
2.17). Such structures have a marked influence on the physical properties of these 
non-metals. Thus diamond is very hard with a high melting point, while graphite 
is soft (the layers slide over each other) and is an electrical conductor due to the 
mobile electrons between the layers. 


10.3 Important Chemical Properties of Non-metals 


(a) In contrast to the metals, which form cations, non-metals and groups of non- 
metals (e.g. carbonate CO?) tend to form anions. Thus chlorine forms the 
chloride ion (see Section 10.6) by gaining an electron: 


Cl+e > Cl” 
(b) They form acidic (occasionally neutral) oxides (see Unit 8). Thus sulphur 
forms sulphur dioxide which will dissolve in water to form sulphurous acid. 
(c) The halides of the non-metals have a covalent structure and tend to react 
with, rather than dissolve in, water. Thus phosphorus pentachloride reacts with 
water to form phosphoric acid: 


PCl54)+4H20q > H3 POS) + 5H * Clan 
Typical non-metal families are Group 7 (the halogens), Group 6 and Group 5. 
Study of a typical non-metal family such as the halogens illustrates the gradation 


in physical and chemical properties within the group. It is found that non-metallic 
character decreases as the atomic number increases. 


10.4 The Halogens (Group 7) 


The names, symbols, electronic configuration and important physical properties 
of the halogen elements are listed in Table 10.1. 


Table 10.1 The halogens 


Fluorine (F) Chlorine (Cl) Bromine (Br) Todine (1) 


Electronic configuration — 2.7 2.8.7 2.8.18.7 2.8.18.18.7 
Atomic number 9 17 35 53 

Melting point (K) 54 172 266 387 
Boiling point (K) 85 239 332 457 
Density (kg m~?) 1-7 32 3100 4940 


At room temperature fluorine and chlorine are poisonous gases with irritating 
choking smells. Fluorine is pale yellow, and chlorine is greenish-yellow. Bromine 
is a dark-red volatile liquid with a poisonous, choking vapour: iodine is a dark 


shiny solid. 


i 
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All four halogens exist in the form of diatomic molecules F;, Cl;, Br; and I;, 
with strong covalent bonds holding the two atoms together and only weak van 
der Waals’ forces between individual molecules. Being covalently bonded, they 
dissolve readily in covalent solvents: chlorine produces a colourless solution in 
tetrachloromethane (carbon tetrachloride), bromine gives a red solution, and 
iodine a purple solution. 


10.5 Preparation of the Halogens 


(a) Fluorine 
Fluorine will accept one electron into its outer energy level more readily than any 


other element and is thus the most powerful oxidizing agent known. 
The reaction 


F+e > F- 
occurs with great ease. In contrast the reaction 
F—oF-e 


occurs with extreme difficulty, and it is thus virtually impossible to obtain 
fluorine from fluoride ion by chemical means. The only method available is an 
electrolytic one in which fluorine is generated under anhydrous conditions from 
a solution of potassium hydrogendifluoride in anhydrous liquid hydrogen 
fluoride. Fluorine is discharged at the anode. 
Anode reaction 
2F- > F2+2e 
Cathode reaction 
2H* 4-2e 2 H, 


(b) Chlorine, Bromine and Iodine 
The laboratory preparation of these three halogens is much easier than that of 
fluorine because they are less powerful oxidizing agents. The halide ion decreases 
in stability down the group, i.e. the iodide ion is the most readily reducible. 

In general all these halogens can be prepared by warming the corresponding 


halide (chloride, bromide or iodide) with manganese(Iv) oxide and concentrated 
sulphuric acid: 


Mn** OX; --3H,S0,44--2Na* X; > Mn?* SO$,, --2Na* HSO4u4- 
2H50q FX 
where X, represents a halogen and X - 
If the halogen is chlorine, it can be d 
sulphuric acid and collected by down 
hand side of Fig. 10.3). 
For bromine, Br,, the va 
cooled receiver; for iodine, I 
on a cooled surface. 


Y X 


its corresponding halide. 
ried by passing it through concentrated 
ward delivery (as shown on the right- 


pour is condensed and collected as the liquid in a 
2, the vapour sublimes and can be collected as a solid 
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The common laboratory method for the preparation of chlorine (Fig. 10.3) 
involves the direct oxidation of hydrochloric acid with the oxidizing agent 
potassium manganate(vit) (potassium permanganate): 


2K* MnO,,, + 16H* Cla, > 2K* Cla, 4- 2Mn?*Cl;,4 + 8H20q + 5Ch 
As an alternative, manganese(Iv) oxide can be used as the oxidizing agent but 
this reaction requires heat: 
Mn** 03,5 +4H* Clay > Mn?* Clz44:-2H50, + Cl; 
Concentrated 


hydrochloric 
acid = 


Filter paper 


Tap funnel ^ 
cover 


Crystals of Chlorine 
potassium gas 
manganate(vi) CEPS 
(potassium permanganate 
Woulfe bottle containing Woulfe bottle containing 
water to remove HC! gas concentrated sulphuric 


acid to dry the gas 


Fig. 10.3 Laboratory preparation and collection of dry chlorine gas 


A small sample of chlorine can be conveniently prepared by adding an acid to 
"bleaching powder'. Using hydrochloric acid and writing the active constituent of 
bleaching powder as Ca?* (CIO ^), the reaction is 


Ca?* (CIO), -+4H * Cla, > Ca?* Cl, -2H;09 + 2Clare 


10.6 Chemical Properties of the Halogens 


All these elements have seven electrons in their outer energy level and readily 
gain one electron to achieve a stable octet of electrons. Hence there is a strong 
tendency to form anions, as mentioned earlier: 


Cl+e > Cl 


The more easily the atom gains this outer electron, the more reactive it 1s. 


Reactivity thus decreases with increasing atomic number. This is because the 
smaller the atom the greater the attraction of the positive nucleus for the 
negative electron. Thus fluorine (atomic number 9) is much more reactive than 


chlorine (atomic number 17), and chlorine in turn is more reactive than bromine 


(atomic number 35). Iodine (atomic number 53) is the least reactive. 
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Fluorine is the most reactive non-metal and combines directly with almost all 
other elements; yet the compounds of fluorine are often extremely stable. This is 
well illustrated by PTFE or poly(tetrafluoroethylene), a material which is very 
resistant to chemical attack and is used for coating ‘non-stick’ cooking utensils. 

The chemistry of fluorine is discussed separately from that of the other 
halogens because of its extreme reactivity. Chlorine, bromine and iodine show a 
definite gradation in chemical properties, and so the chemistry of all three can be 
illustrated by looking at the element chlorine in some detail with only minor 
references to bromine and iodine. 


(a) Reactions with Metals 

Chlorine, bromine and iodine react readily with most metals. This is because of 
the strong tendency of the halogen to gain an electron and the strong tendency 
of metals to lose electrons. Thus heated sodium reacts vigorously with chlorine 
gas producing the white ionic solid, sodium chloride: 


2Nayy+Cla) > 2Na*Cls 


Metals having more than one oxidation number tend to form the ‘higher’ 
chloride when reacting directly with chlorine. For example, iron reacts with 
chlorine to give iron(m) chloride and not iron(m) chloride: 

Fe.) +3Cly, > 2Fe?* ly) 


(b) Reactions with Water 
Chlorine and bromine are moderately soluble in water. Chlorine dissolves to give 
a solution called ‘chlorine water’ which contains both hydrochloric acid and 
chloric(1) acid (hypochlorous acid): 

Cli) +H20q = H* Clg.) +H* CIO 


The chlorate(1) ion (hypochlorite ion) CIO ~ is a constituent of liquid bleach and 


kills bacteria. For this latter reason small amounts of chlorine are dissolved in 
swimming-pool water. 


On standing in sunlight ‘chlorine water’ liberates oxygen: 
2H* CIO, > 2H* Cla, 4-03 
Iodine is only sparingly soluble in water. 


(c) Reactions with Alkalis 


Chlorine is absorbed by a cold dilute solution of sodium hydroxide to form 
sodium chloride and sodium chlorate(1) (sodium hypochlorite): 


2Na* OH, Clu — Na+ Clg + Na*CIO,, + H;Oq 
In general the reaction of chlorine with any cold, dilute alkali can be written 
20H Cl; =$ Clay CIO, 4- H20% 


With hot, concentrated sodi 


d um hydroxide, chlorine reacts to give sodium 
chloride and sodium chlorate( B 


V) (sodium chlorate): 
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6Na* OH +3Clag) > 5Na* Cla, - Na* ClO sag) -3H;0q 
In general the reaction with any hot, concentrated alkali can be written 
60H, -3Cl;(, > SClaqy + ClO Shaq) + 3H,0,) 


Bromine reacts with alkalis to give the bromide and bromate(v); iodine 
similarly gives the iodide and iodate(v). 

When chlorine is passed over cold, solid calcium hydroxide (slaked lime) 
the product is a mixture called bleaching powder: 


3Ca!* (OH )44,--2Cloq > Ca?* (CIO )44,4- Ca? *CI; . Ca? * (OH); H209 
+H,0y 


(d) Oxidizing Properties of the Halogens 
All the halogens are oxidizing agents because of their ability to accept electrons. 
As this ability decreases with increasing atomic number, fluorine is the strongest 
oxidizing agent and iodine is the weakest. 

This ease of oxidation can be readily demonstrated for chlorine, bromine and 
iodine by the following series of displacement reactions. 


Experiment 10.1 Determination of the relative oxidizing powers of chlorine, 
bromine and iodine 

Separate solutions of each halogen in tetrachloromethane (carbon tetrachloride) 
are prepared by (i) bubbling chlorine gas through the liquid, (ii) adding a drop of 
bromine liquid and (iii) adding a small crystal of iodine. The chlorine solution is 
colourless; the bromine solution is red, and the iodine solution is purple. A 
little of each of these solutions is separately shaken with aqueous solutions of 
potassium chloride, potassium bromide and potassium iodide. The more 
dense tetrachloromethane (carbon tetrachloride) is allowed to settle as a separ- 
ate layer and the colour of this lower layer is recorded. 

The results can be tabulated as follows: 


Potassium 
iodide solution 


Potassium 


Potassium R 
bromide solution 


4 chloride solution 


j= 
colourless to colourless to 


red (see Eqn. 1 purple (see Eqn. 
below) 2 below) 


Chlorine in no change 
CCI, (colourless) 


Bromine in p change no change red to purple 
CCI, (red) (see Eqn. 3 
below) 
E h 
Iodine in | no change no change 


CCI, (purple) 


224 Success in Chemistry 


Conclusion 
Chlorine oxidizes bromide ion to bromine, and iodide ion to iodine: 


Chaicciy+2Brvq) > Bracci +2Clagy (1) 
colourless red 
Clo, 215 Lia; t 2Cla (2) 
colourless purple 


Bromine oxidizes iodide ion to iodine: 
Brace) 2154) > Lco; + 2Briaq) (3) 
red purple 


Iodine oxidizes neither bromide ion nor chloride ion. 

Thus the order of oxidizing ability is chlorine > bromine > iodine. 
(e) Other Oxidizing Properties of Chlorine 

(i) Chlorine has a great affinity for hydrogen, either free or when it is com- 
bined with carbon in hydrocarbons. In bright sunlight hydrogen and chlorine 


mixtures explode. A jet of hydrogen will burn in chlorine, and vice versa. The 
product in either case is hydrogen chloride: 


Hyg)+Clag) > 2HCl, 


A burning waxed taper (wax is a hydrocarbon mixture) burns with a red smoky 
flame when lowered into a gas jar containing chlorine. 

Cotton wool soaked in warm turpentine (another hydrocarbon mixture, 
simplest formula C,)H,,) bursts into flame in a jar of chlorine, liberating clouds 
of soot (carbon). The chlorine oxidizes the turpentine to carbon: 

CyoH 6a) +8Cl a4) — 10C + 16HCl, 


In both of these cases the presence of hydrogen chloride can be detected by the 
dense white fumes of ammonium chloride produced when a piece of filter paper 
soaked in aqueous ammonia is held near the top of the gas jar: 

HCl, -- NH3,, > NH; Cl; 


(i) When hydrogen sulphide is passed into chlorine water, a creamy precipitate 
of sulphur is produced as the chlorine oxidizes the hydrogen sulphide to sulphur: 


HAS. Cho, > 2H* Cha) So 
(iii) Chlorine oxidizes ammonia to nitrogen: 
2NH33Cb > 6HCI,, + N( 


The hydrogen chloride produced reacts with excess ammonia forming white 
solid ammonium chloride: 


6HCl,,--6NH,(, > 6NH; Cl; 
10.7 Uses of the Halogens 


Chlorine. Chlorine finds widespread use in the manufacture of plastics such as 
E poly(chloroethene) (also known as polyvinyl chloride or PVC), disinfectants, 
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hydrochloric acid, insecticides, refrigerants and many other chlorinated com- 
pounds. The gas itself is used for sterilizing water supplies and for making 
‘bleach’. 

Bromine. Bromine is used for the preparation of bromides, drugs, dyes and in 
particular for making 1,2-dibromoethane which is added to petrol. 

Iodine. Iodine is used in medicine because of its antiseptic properties, in dyes, 
photographic film, and in insecticides. Radioactive iodine is used as a tracer (see 
Unit 13). 


10.8 Hydrogen Chloride, Hydrochloric Acid and the Chlorides 


Hydrogen chloride is a colourless gas composed of covalent molecules. Being 
covalent, it dissolves in covalent solvents such as methylbenzene (toluene); the 
resulting solution has no acidic properties. The gas dissolves readily in water and 
reacts with it to form an ionic solution containing the oxonium ion H30(, and 
the chloride ion Clq): 


HCl, +H20q) > H3O% + Cla 


This solution is Aydrochloric acid; it has acidic properties due to the oxonium 
ions H,O{,) and it forms chlorides which contain the Cl~ ion. 


(a) Preparation of Hydrogen Chloride and Hydrochloric Acid 
(i) By direct synthesis of hydrogen and chlorine gases (see Section 10.6e): 


Hz + Clg > 2HCl, 


Dissolving the gas in water gives hydrochloric acid. | 
(ii) By the action of concentrated sulphuric acid on an ionic chloride, e.g. 
sodium chloride: 


Na* Cl; +H2SOqq > Na* HSO4, HCl 


se of sulphuric acid in the displacement 
d for the preparation of 
d, particularly the 


This type of reaction illustrates the u: 
of a more volatile acid from its salt. It can be used tor 
acids having a lower boiling point than sulphuric aci 
halogen acids and nitric acid. 

Dry hydrogen chloride can be prepared and collected in the apparatus shown 
in Fig. 10.4. The modification shown on the right enables hydrogen chloride to 
dissolve slowly in water, producing hydrochloric acid. Hydrogen chloride is 
extremely soluble in water, and without the inverted filter funnel water would 


be sucked back into the apparatus. 


(b) Properties of Hydrogen Chloride 
(i) The gas will react with ammonia gas 
ammonium chloride: 


to produce dense white fumes of 


NH) +HCl > NHiCl; 


This reaction can be used to detect the presence of hydrogen chloride. 
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Sodium Concentrated sulphuric 
chloride acid to dry the gas 


Fig. 10.4 Laboratory preparation of hydrogen chloride: (left) collection 
of the dry gas; (right) apparatus used for dissolving the gas in water 


(ii) The gas will react with heated metals, forming chlorides and liberating 
hydrogen. For example, with iron (see Section 9.20): 


Fe, +2HCl,) — Fe? *Ch-H;g 
(iii) The gas readily dissolves in water to form hydrochloric acid: 


HCl, 4-H;0, > H40,, + Cla 


(aq) 
(often written H* Ciga) 
(c) Properties of Hydrochloric Acid i 
Hydrochloric acid is a typical mineral acid and exhibits the following 
Properties associated with such acids. 
(i) It neutralizes bases: 
H* Cla +Na*OH¢,) x Na* Cla, 4- H20) 
(ii) It liberates carbon dioxide from carbonates and hydrogencarbonates. 
For example, with sodium carbonate: 
2H* Clay +Naj C025 > 2Na* Clq) t+ COzxp -- H20q 
and with sodium hydrogencarbonate: 
H* Clau +Na* HCO; > Na*Cla, 4-CO;,-- HO, 
(iii) It reacts with metals above hydrogen in the electrochemical series, 
liberating hydrogen gas: 


2H* Cla, -- Mg, = Mg? M Clo T Ho 
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10.9 Tests for Chloride, Bromide and Iodide Tons 


(a) If a few drops of dilute nitric acid are added to the suspected halide 
solution, followed by a little dilute silver nitrate solution, the colour of any 
precipitate that forms has the following significance: 

(i) a white precipitate indicates chloride 


Agta Cla > Ag* Clo 
Gi) a cream precipitate indicates bromide 
Agia Bray > Ag' Bro) 
(iii) a yellow precipitate indicates iodide 
Agia t lag > AS Te 


(b) The presence of a bromide or an iodide in aqueous solution can be detected by 
adding chlorine dissolved in tetrachloromethane (carbon tetrachloride). The 
tetrachloromethane layer turns red if bromide ion is present in the solution under 
test and purple if iodide ion is present (see Experiment 10.1). 


10.10 Hydrogen 


Atoms of hydrogen contain one positive proton as the central nucleus surrounded 
by one electron in the first energy level. 
Hydrogen resembles the alkali ‘metals when it loses its one electron to become 


an ion with unit positive charge: 
H— H* +e 
(cf. Na > Na* +e) 


Hydrogen resembles the halogens when it gains one electron to become an ion 
with unit negative charge having the noble-gas structure of helium: 


H+e > H` 
(cf. Cl+e > Cl) 
and also when it shares its one electron in covalent-bond formation: 
H:+H' > H:H (or H3) 


These different types of behaviour make it difficult to assign hydrogen to a 
particular chemical family. It is often found placed above both the alkali metals 
(Group 1) and the halogens (Group 7). 


10.11 Preparation of Hydrogen 


(a) By the Action of Reactive Metals on Water 
All the alkali metals (see Unit 9) will liberate hydrogen from cold water: 


2Na,--2H;09 > 2Na* OH t+ Hai 
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The alkaline-earth metals (see Unit 9) will liberate hydrogen from steam (and, 
in the case of calcium, from cold water): 
Ca, +2H,0, > Ca?*(OH 220g + Hag 
Certain other metals, e.g. iron, react with steam when they are heated. 
(b) By the Action of Reactive Metals on Acids 
The acids in question are hydrochloric (either dilute or concentrated) and 


dilute sulphuric. The metals are all above hydrogen in the electrochemical 
Series, and suitable ones are chosen which will react steadily (e.g. iron or zinc): 


Znq-- H7 SO$,, > Zn?* SO 4 Hau 
Alkali metals react explosively with acids and should be avoided. 


(c) By the Action of Aluminium or Zinc on aqueous Potassium or Sodium 
Hydroxide 


The reaction of zinc with alkalis is described in Section 9.27a: 
Zn) +2OH Gg, -2H;0, > Zn(OH) iq) + H2 
The reaction of aluminium with alkalis is described in Section 9.14c: 
2Al, -20H,--6H;0( > 2A OH) 4, 4-3H;( 


10.12 Properties of Hydrogen 


Hydrogen is a colourless, odourless and tasteless gas. It has a boiling point of 


21 K and a melting point of 14 K. It is the least dense gas known (density 
0:0899 kg m 3) 


(a) Reactions with Non-metals 


(i) Hydrogen combines spontaneously with chlorine, the reaction being 
explosive in sunlight: 


Ha(+Clag) > 2HCI, 
(ii) Mixtures of oxygen and hydrogen are explosive when ignited: 
2Ha(4) + 054, > 2H;0, 


(iii) Nitrogen and hydrogen will combine together to form ammonia gas in the 
Presence of an iron catalyst, under high Pressure and at a temperature of 500°C: 


Nai) 3H > 2NH 3%) 


(g) 


This is the basis of th 


: € Haber process for the manufacture of ammonia (see 
Unit 14). 


(b) Reactions with Metals 
Hydrogen will accept electrons from very reactive metals (particularly Group 1). 


DN 
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For example, when sodium is heated in hydrogen the product is a white ionic 
solid called sodium hydride: 


2Na,)+ Hag) > 2Na*H 
(c) Hydrogen as a Reducing Agent 


Hydrogen reduces the heated oxides of metals low in the electrochemical series, 
removing the oxygen and leaving the metal: 


Cv? * Of; - Hag > Cug- H20 


10.13 Uses of Hydrogen 


Hydrogen is used extensively in the manufacture of ammonia (Haber process) 
and in the manufacture of hydrogen chloride and hydrochloric acid. 

Other important uses include the synthesis of methanol and the manufacture 
of margarine. In the latter process, hydrogen in the presence of a nickel catalyst 
is added to vegetable oils in order to *harden' them, i.e. produce a solid fat. 


10.14 Oxygen and Sulphur (Group 6) 


The symbols, atomic numbers, electronic configurations and important physical 
properties of oxygen and sulphur are given in Table 10.2. 


Table 10.2 Physical properties of oxygen and sulphur 


Electronic Atomic Melting Boiling Density 
configuration number point(K) point (K) (kg m^?) 
Oxygen (O) 26 8 55 90 1:33 
Sulphur (S) — 2.8.6 16 386 718 2070 


Both oxygen and sulphur are typical non-metals with six electrons in their 
outer energy level. They each accept two electrons to attain a noble-gas structure 
and hence form an anion with two negative charges: 


O+2e 5 0? - 


S+2e > S2 


i Thus in 
Alternati two covalent bonds by sharing electrons. 
ively they cantang lectrons with two electrons 


the water molecule each oxygen atom shares two ¢ Lt : 
from two separate hydrogen atoms. Sulphur shares electrons similarly in the 
hydrogen sulphide molecule, see Fig. 10.5. ; f 1 

Although oxygen and sulphur are both in Group 6, their € properties 
differ so much that it is convenient to study the elements separately. 
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Fig. 10.5 Molecular structure of hydrogen sulphide compared with the 
molecular structure of water 


10.15 Oxygen and Oxidation 


The preparation, properties and uses of oxygen are described in Sections 6.36.6, 
and the classification of oxides is discussed in Section 8.3. 


References are made throughout this book to oxidation and reduction. These 
terms can be defined in various ways. 


(a) Oxidation and Reduction in Terms of Oxygen 
When magnesium burns in oxygen, white solid magnesium oxide is formed: 
2Mga +O > 2Mg?* Oz; 
The magnesium has been oxidized by addition of oxygen. 
In general, whenever oxygen is added to an element or compound the process 


is called oxidation. Conversely, whenever oxygen is removed from an element 
or compound the process is called reduction. 


When hydrogen is passed over heated copper(11) oxide, copper remains and 
water is produced: 


Cu tO Ha > Cu) +H20;,) 


The copper oxide has been reduced to copper by loss of oxygen, and at the same 
time the hydrogen has been 


: oxidized to water by oxygen gain. 

Since oxidation and reduction always occur simultaneously, the term redox 
reaction is often used to describe this type of process. 
(b) Oxidation and Reduction in Terms of Hydrogen , 
Whenever hydrogen is added to an element or compound the process is called 


reduction, and the removal of hydrogen is oxidation. For example, ethene 
(ethylene) is reduced to ethane by the addition of hydrogen: 


CH +H) > CH 


cR. 
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These simple early ideas concerning oxidation and reduction have been largely 
superseded by the following more generalized definitions involving electron 
transfer and change in oxidation number. 


(c) Oxidation and Reduction in Terms of Electron Transfer 
Let us consider the reactions which take place during the electrolysis (described 
in Unit 5) of molten lead(i) bromide. 


At the anode At the cathode 
Bromine is liberated: Lead is deposited: 

2Br- > Br2 + 2e Pb?* +2e — Pb 
This is oxidation of the bromide ion This is reduction of the lead(11) ion 
to bromine by electron loss to lead by electron gain. 


In general, a// anode processes in electrolysis are oxidations and all cathode 
processes are reductions. Moreover, the definition of oxidation as a loss of elec- 
trons and reduction as a gain of electrons is not restricted just to electrolysis 
reactions. Consider for example the liberation of hydrogen from dilute 
sulphuric acid when zinc is added: 


Zn) +H SOi y > Zn?* SO (eq) Ha) 
Neglecting the sulphate ions, since they are merely ‘spectator ions’, the 
reaction can be written as 
Zn) +2H bq > Znàa t Hato 
The zinc metal is oxidized to zinc ions by the /oss of two electrons: 
Zn > Zn?* +2e 
and the hydrogen ions are reduced to hydrogen atoms by the gain of electrons: 


2H* +2e > H; 


(d) Oxidation and Reduction in Terms of Oxidation Number 
Oxidation is defined as an increase in oxidation number; an element which 
increases its oxidation number is said to be oxidized. Conversely, reduction is à 
decrease in the oxidation number. 

For example, when chlorine gas is passed over heated iron, 


of iron(m) chloride are produced: 
2Fe4-3Clag > 2Fe?* Clio 


red-black crystals 


oxidation numbers; 0 0 43 -1 


The metallic iron increases its oxidation number from 0 to 4-3 when it is 
idized. The chlorine gas decreases its 


converted to iron(m) ions: thus iron is oxi MT 
oxidation number from 0 to —1 when it is converted to chloride ions: thus 
chlorine is reduced. 
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10.16 Sulphur 


Many compounds of sulphur occur naturally, the most common are metallic 
sulphides and sulphates. Free sulphur is found in the volcanic regions of south- 
ern Italy and Sicily, while vast deposits are located underground in Louisiana 
and Texas. Most of the world's free sulphur is obtained from this latter source 
by the Frasch process. 

In the Frasch process, three concentric pipes inside a casing are sunk into the 
sulphur beds which are about 150 m below the surface. Superheated water 
(170*C) is pumped through the outermost 150 mm pipe to melt the sulphur. 
Hot compressed air is pumped down the central 25 mm pipe, and molten 
‘foamy’ sulphur gushes under pressure up the 75 mm pipe between the other 
two (see Fig. 10.6). 
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Fig. 10.6 Extraction of sulphur by the Frasch process 
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superheated water liquefies the sulphur but not the 
as sand and rock, so the latter remain behind in the 
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10.17 Properties of Sulphur 


(a) Allotropy 
The element sulphur exists in a number of different allotropic forms. Each 
allotrope has its own physical properties but gives rise to identical chemical 


compounds. 
The stable allotrope at ordinary temperatures is rhombic sulphur, a yellow 


solid which forms octahedral crystals as shown in Fig. 10.7a. 


WY 


(a) Rhombic sulphur (b) Monoclinic sulphur (c) Sg molecule 


Fig.10.7  Allotropy of sulphur : (a) and (b) the two common crystal forms ; 
(c) a ring-shaped molecule containing eight sulphur atoms 


Experiment 10.2 Preparation of rhombic sulphur 
A little finely powdered sulphur is placed in a test tube. The tube is half filled with 
carbon disulphide, CS,, and warmed in a water bath in a fume cupboard. After 
repeated shaking, the suspension is filtered into an evaporating basin and, still 
in the fume cupboard, the solution is allowed to cool. The carbon disulphide 
readily evaporates, leaving octahedral crystals of rhombic sulphur. 

Caution: carbon disulphide is highly flammable and has a poisonous vapour; 


it should be handled with care. 


Monoclinic sulphur is the other major allotrope of sulphur. This form is 
unstable at ordinary temperatures and slowly reverts to the rhombic form. 
Monoclinic sulphur is stable above 95-6 °C (the transition temperature between 


these two allotropes). 


Experiment 10.3 Preparation of monoclinic sulphur Wi 
Powdered sulphur is heated in a boiling tube until it just melts. The liquid 
sulphur is then poured into a folded filter paper in a dry funnel on a ring-stand. 
When a solid crust has formed on the surface of the liquid, the filter paper 1s 
opened to expose the long needle-like crystals of monoclinic sulphur (see Fig. 
10.76). i 
Alternatively the powdered sulphur can be recrystallized from boiling methyl- 
benzene (toluene). This solvent boils at 111°C, which is above the rhombic > 
monoclinic transition temperature. Hence monoclinic crystals are obtained. 


are composed of ring-shaped Sg 
anged in a different way in 


Both rhombic and monoclinic sulphur 
molecules (see Fig. 10.7c), but the rings are arr 
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allotropes. On heating, sulphur melts to a pale-yellow, mobile liquid in which 
the S, rings are able to move freely. As heating proceeds, the liquid darkens until, 

at 200*C, it is nearly black and becomes very viscous. It is believed that the S, 
rings begin to open and form chains, and as these chains become entangled with 
each other, so the viscosity increases. 

On further heating, the molecular chains break down and the liquid becomes 
mobile and eventually boils (444-6 *C). When boiling sulphur is poured into cold 
water, a dark-brown rubbery solid called plastic sulphur is formed. Plastic sulphur 
hardens on standing as it slowly changes to the stable rhombic allotrope. 


(b) Reaction of Sulphur with Metals 

Sulphur combines with almost all metals when heated. The reactions are usually 
vigorous and exothermic. For example, when a mixture of iron filings and 
powdered sulphur is heated on a small sand tray, the mixture glows even when 
heating is discontinued. Black solid iron(1) sulphide remains: 


Fei) +S, > Fe? tS 
(c) Reaction of Sulphur with Non-metals 
Sulphur combines directly with several non-metals, the most important of which 


is oxygen. For example, when powdered sulphur is heated in air or oxygen it 
burns with a blue flame, producing sulphur dioxide: 


8,044 + SO: 
Sulphur dioxide is a colourless gas with a choking smell. 


10.18 Uses of Sulphur 


Most of the sulphur produced in the world is employed in the synthesis of 
sulphuric acid. It is also needed for the industrial preparation of disulphur 
dichloride (sulphur monochloride) S;Cl;, which is used in the vulcanization of 
rubber and in the manufacture of tetrachloromethane (carbon tetrachloride). 


10.19 Hydrogen Sulphide, H,S 


(a) Preparation 

Hydrogen sulphide gas can be prepared by treating a metal sulphide, usually 
iron(i) sulphide, with hydrochloric or sulphuric acids in moderate concentra- 
tion: 


Fe?*S3y +2H* Cla, > Fe?* Cling --H;S 


(b) Properties 

(i) The most characteristic physical property of the gas is its odour, reminiscent 
of rotten eggs. It is colourless and poisonous. In water it dissolves fairly readily to 
give an acid solution. 


^ YN 
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(ii) Hydrogen sulphide burns in air with a blue flame to form sulphur dioxide 
and water: 
2H.S,_) +3029) ^ 2H;0,,4 20.49 
If the air is in limited supply, sulphur is produced: 
2H5$, + 01,4 ^ 2Syy+2H Oy 
(iii) The sulphides of many metals are insoluble and are precipitated when 


hydrogen sulphide is passed through solutions containing ions of these metals. 
For example, lead gives a brownish-black precipitate of lead(i) sulphide, 


Po? *S?": 
Pb? i,q) +HaSig — Pb?* Sip +2Hig 
Copper gives a black precipitate of copper(t) sulphide, Grp: 
Cu? HS y > Cu! Sb 2Ha 
Zinc gives a greyish-white precipitate of zinc sulphide, Zn? * S?" : 
Zoki HHS > Zn?” Sj +2H a) 


The blackening of a filter paper soaked in lead(i) ethanoate (acetate) or 
lead(11) nitrate is used as a test for hydrogen sulphide. . 

The blackening of old paintings containing white lead-based paints is due to the 
formation of black lead(it) sulphide produced by the action of minute traces of 
hydrogen sulphide in the atmosphere, particularly in industrial regions. These 
paintings can be restored by treating them with a dilute solution of hydrogen 
peroxide, H,O,. This powerful oxidizing agent converts the black lead(1) 
sulphide to white lead(11) sulphate: 

Pb?* S? --4H;0; ^ Pb?* SO$,; --4H;0g 

(iv) Hydrogen sulphide acts as a reducing agent and in each case is itself 
oxidized to sulphur. For example, when the gas is passed through a yellow-brown 
solution of iron(m) chloride the solution turns green as Fe?* ions are reduced to 
Fe?* ions: 

2Fe?* Clg, +HaSip > 2Fe!* Cl, +2H* Clay +S 
yellow-brown green i 

When a gas jar containing moist sulphur dioxide is inverted over a gas jar 
containing hydrogen sulphide, a precipitate of sulphur is formed. The hydrogen 
sulphide has reduced the sulphur dioxide to sulphur: 


2HS,»+SO2q) > 2H200 +38 


10.20 Sulphur Dioxide, SO, 


The two common oxides of sulphur are sulphur dioxide, SO;, and sulphur 
trioxide, SO,. 
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(a) Preparation 

Although sulphur dioxide for laboratory use is normally obtained from a 

cylinder of the gas, the methods available for its preparation should be known. 
(i) By burning sulphur in air or oxygen: 


St) + Ox) > SO; 


(ii) By the action of a dilute acid (except nitric acid, which is an oxidizing 
acid) on a sulphite or a hydrogensulphite. For example, the action of dilute 
hydrochloric acid on sodium sulphite: 


heat 
Na} S035 +2H* Cla, —— 2Na* Cla, 4-SO4(--H;0q 
(iii) By the action of hot concentrated sulphuric acid on copper: 
Cu, 4-2H;SO44, > Cu?* SO$,,--2H,044- SO; 


(b) Properties 
(i) Sulphur dioxide is a colourless pungent gas which is easily liquefied under 
pressure. 


(ii) The gas dissolves readily in water to form an acidic solution of the 
weak sulphurous acid: 


$03) 4- H;0, > H2SO$. 
Sulphur dioxide is the anhydride of sulphurous acid, but the free acid cannot 
be isolated. 
(iii) Sulphur dioxide in water reduces orange dichromate(vi) ions to green 
chromium(n) ions: 
Cr207 aq) +3803 aa + 8H a) > 2Cro 4-380354 -4H;00 


Thus a filter paper soaked in potassium dichromate(v1) solution turns from 


orange to green when exposed to sulphur dioxide, and this reaction can be 
used to test for the gas. 


(iv) Sulphur dioxide is absorbed by a solution of sodium hydroxide, 
forming sodium sulphite: 
SOz --2Na* OH, > Naz SOZ + H20q) 
With excess sulphur dioxide the acid salt sodium hydrogensulphite is 
obtained: 
S0; +Na* OH Ga => Na* HSO; 


(These are both essentially neutralization reactions in which sulphurous acid 
is neutralized by the alkali sodium hydroxide.) 


(c) Uses 


By far the Most important use of sulphur dioxide is in the manufacture of 
sulphuric acid (see Sections 10.22 and 14.7). 


. In addition it is used as a preservative in a wide variety of foods from lemon 
Juice to sausages, and as a bleaching agent. 


Y 
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It is worth noting that the presence of small quantities of the gas in the 
atmosphere, from industrial pollution, is a health hazard to both humans 
and animals. Because of its acid nature, it also causes deterioration in stone- 
work and metal structures. 


10.21 Sulphur Trioxide (Sulphur(vi) Oxide), SO; 


(a) Preparation 

(i) Sulphur trioxide is prepared by passing a mixture of dry sulphur dioxide 
and dry oxygen over a platinized-asbestos or vanadium(v) oxide (vanadium 
pentoxide) catalyst at 450°C: 


2805, + Oa ^ 280306 


The gases are then passed through a cooled receiver, and the sulphur trioxide 
condenses as white needle-shaped crystals (see Fig. 10.8). 
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Fig. 10.8 Laboratory preparation of sulphur trioxide 


(ii) Sulphur trioxide is formed when certain metallic sulphates are heated. 
For example, heating iron(i) sulphate: 
Fei*(SO2 2), > Fe3*03@+380a 


When iron(i) sulphate is heated, both sulphur trioxide and sulphur dioxide 


are produced: 
2Fe?* $035 — Fe3* 035+ SOx) + SOx) 


(b) Properties 
Sulphur trioxide is a volatile white so ch fur 
reacts explosively with water to form sulphuric acid: 


| lid which fumes in moist air. The solid 
| 
| H,0,- S054 > Hi Oan 
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Sulphur trioxide is the anhydride of sulphuric acid. 

Gaseous sulphur trioxide does not readily dissolve in water but it does 
dissolve in concentreated sulphuric acid forming fuming sulphuric acid 
(oleum): 

SOs ++H2SO4,, > H,S;0;0 


10.22 Sulphuric Acid, H;SO, 


The reactions outlined in Section 10.21 form the basis of the manufacture of 
sulphuric acid, one of the world’s most important chemicals. These reactions 
are discussed in detail in Unit 14. 

Concentrated sulphuric acid is a dense, oily liquid which combines violently 
with water. The reaction is extremely exothermic, and the addition of small 
quantities of water to the concentrated acid can cause the production of steam 
with resultant ‘spattering’ of the acid. For this reason concentrated sulphuric 
acid is always diluted by adding to water with stirring. 

The chemical properties of sulphuric acid can be conveniently discussed 
under the following headings: (a) its reactions as an acid in dilute aqueous 
solution, (b) oxidizing properties, (c) dehydrating properties, and (d) its use 
in the preparation of other acids. 


(a) Sulphuric Acid as an Acid : 

A solution of the acid in water shows all the properties of a strong mineral acid 
(see Unit 8). The fact that this solution is a good conductor of electricity 
indicates the presence of a high concentration of ions: 


H,8044,-H;0q > H;07, +HSO 54, 
HSO giaq)-+H20q > H30,-- Od, 
From these equations it can be seen that there is a high concentration of 
oxonium ions and that sulphuric acid forms two series of salts: sulphates and 


hydrogensulphates. The preparation of sodium sulphate and sodium hyd- 
rogensulphate has been described in Section 8.13. 


Test for a Sulphate 

To a solution of the suspected sulphate, dilute hydrochloric acid and barium 
chloride solution are added. A white precipitate of insoluble barium sulphate 
confirms the presence of a sulphate ion in the original solution. 


S04) +Ba?* Cli.) > Ba? t SOZ + 2Clea) 
The hydrochloric acid is added to 
should sulphite ions be 
chloric acid.) 


prevent the precipitation of barium sulphite 
present. (This compound is soluble in dilute hydro- 


(b) Oxidizing Properties of Sulphuric Acid 


Hot concentrated sulphuric acid is an oxidizing agent, and in its reactions is 
usually reduced to sulphur dioxide. 


am. 


Classification of Matter III: The Non-metals 239 


(i) It oxidizes copper to copper(r) sulphate: 
Cu 4-2H,SO44 > Cu?* SO ga t 2H20m - SO; 
Gi) It oxidizes carbon to carbon dioxide, and sulphur to sulphur dioxide: 
Co +2H25040 > C0; +280 (2) +2H20(¢) 
S()-+2H SO 4a) > 380 2¢—)+ 2H50( 


(c) Dehydrating Properties of Sulphuric Acid 

Concentrated sulphuric acid has a strong affinity for water (it is hygroscopic) 
and for this reason is often used to dry gases which do not react with it. Its 
dehydrating nature is so strong that it will remove water of crystallization from 
hydrated salts and the elements of water from carbohydrates, methanoic (formic) 
acid and ethanedioic (oxalic) acid. 

(i) When crystals of copper(m) sulphate are warmed with concentrated 
sulphuric acid, the blue crystals turn white as water of crystallization is 
removed. The white anhyrous salt remains: 

Cu SO% —-7,5H;0 Cu S049 + 5H20m 

(ii) Sugar (C,5H550,,) is a carbohydrate and, as its name suggests, contains 
the elements of water. When a little sugar is treated with concentrated 
sulphuric acid in a breaker and warmed gently, the sugar turns yellow and then 
darkens. A vigorous exothermic reaction begins and a steaming black mass of 
carbon rises out of the beaker: 


C,4H50,1 > 12€ + 11H20 


Gii) Methanoic (formic) and ethanedioic (oxalic) acids are both dehydrated by 


concentrated sulphuric acid: 
HCOOH) + CO H200 


methanoic acid 
COOH 
| 2 COzw FCO) + H20W 
COOH, 


ethanedioic acid 


(d) Preparation of Other Acids using Sulphuric Acid 2. M 
Concentrated sulphuric acid is used in the preparation of nitric, Videt jn 
and ethanoic (acetic) acids. In each case concentrated sulphuric acid is M 
with a salt of the acid to be prepared. For example, sodium nitrate yields 
nitric acid: 

> Na*HSOg)+HNOxe) 


Na* NOx) +H2S04 
reaction mixture because 


is removed from the 


The volatile nitric acid vapour he re: 
point than sulphuric acid. 


nitric acid has a lower boiling 
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10.23 Uses of Sulphuric Acid 


Sulphuric acid is one of a large group of chemicals known in industry as 
‘heavy’ chemicals, because they are manufactured on such a large scale. 
Major uses of the acid include: 
(a) manufacture of fertilizers, particularly ammonium sulphate and 
‘superphosphate’; 
(6) manufacture of explosives, dyestuffs and drugs; 
(c) ‘pickling’ of iron and steel (i.e. the removal of surface oxide); 
(d) manufacture of rayon; 
(e) the lead storage accumulator (car battery); 
(f) manufacture of paints and detergents. 


10.24 Nitrogen and Phosphorus (Group 5) 


The symbols, atomic numbers, electronic configurations and important physical 
properties of nitrogen and phosphorus are given in Table 10.3. 


Table 10.3 Physical properties of nitrogen and phosphorus 


Electronic Atomic Melting Boiling Density 
configuration number — point(K) — point(K) (kg m~3) 
Nitrogen (N) 2.5 7 63 71 1-165 
2200 (red) 
Phosphorus (P) 2.8.5 15 317 552 1800 (yellow) 


Both elements are typical non-metals with five electrons in their outer energy 
level. Each can accept three electrons into its outer energy level to attain a noble- 


gas structure, forming the nitride ion: 
N+3e > N? - 
or the phosphide ion: 


P4-3e ^ P?- 


However, it is much more likely that nitrogen and phosphorus should form 


covalent bonds by electron sharing, as illustrated by the hydrides NH, (ammonia, 
see Fig. 2.13) and PH, (phosphine). 


10.25 Nitrogen 


In the gaseous state nitrogen occurs as diatomic molecules (N3). Because the two 
atoms in each molecule are Joined together by extremely strong covalent bonding, 


molecular nitrogen is very unreacti i 1 is di i 
P ve. The che: scussed in 
Section 6.9. mistry of nitrogen is disc 


» 
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10.26 Ammonia, NH, 


Ammonia is the most important hydride of nitrogen. Its solution in water, 
aqueous ammonia, is an important common alkali. 


(a) Preparation 

(i) Ammonia gas is prepared in the laboratory by warming a mixture of 
an alkali and an ammonium salt. Calcium hydroxide (slaked lime) and 
ammonium chloride is a convenient mixture: 


Ca?*(OH~) a4 -2NHz Cl > Ca?* Cli + 2NH39+2H20%® 
(In general: OH- +NHj{ > NH,+H,0) 


The gas may be dried by passing it through a drying tower containing 
calcium oxide (quicklime), as shown in Fig. 10.9. Common drying agents, 
e.g. calcium chloride and concentrated sulphuric acid, cannot be used to dry 
ammonia as they react with the gas. 


Mixture of calcium hydroxide 
and ammonium chloride 


Fig. 10.9 Laboratory preparation and collection of ammonia gas 


(b) Properties of Ammonia Gas 

(i) Ammonia is a colourless gas which is easily liquefiable. It has a charac- 
teristic pungent odour and causes irritation to the eyes and mucous membranes. 
The remarkable solubility of ammonia in water is demonstrated by the ‘fountain 
experiment’ shown in Fig. 10.10. ! ; 

In this experiment a flask is filled with ammonia gas and closed -— age 
carrying a straight glass tube. The lower end of the tube dips into a er o! 


Y 3 
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of aqueous 
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Fig. 10.10 The ‘fountain’ experiment demonstrating the solubility of 
ammonia in water 


water to which a little phenolphthalein indicator has been added. As the 
ammonia dissolves, the pressure inside the flask is reduced and a ‘fountain 
sprays from the jet as more water enters. The alkaline nature of the aqueous 
ammonia produced causes the phenolphthalein to turn red. y 
(ii) Combustion. Ammonia will burn in oxygen with a yellowish flame, forming 
nitrogen and water vapour: 
ANH 1-30; > 2Noi) + 6H20¢) 
In the presence of a platinum catalyst, ammonia is oxidized by oxygen of the air 
to form nitrogen monoxide (nitric oxide): 
4NH3(g) +50 2¢) > 4NO,,--6H;0(5 


This is the first stage in the manufacture of nitric acid (see Unit 14). 
(iii) Ammonia as a reducing agent. When ammonia is passed over heated 


copper(II) oxide the ammonia is oxidized to nitrogen, and the copper(11) oxide 
reduced to copper: 


3Cu?* 0$ + 2NH 344) — 3Cu +3H2O0.p + No) 
Ammonia is also oxidized to nitrogen by chlorine: 
3Ch--2NH;( — N;(4-6HCl, 
6HCI, -6NH;, > 6NHz Cl 


(c) Properties of Aqueous Ammonia 
As already indicated, ammonia dissolves readily in water. Ammonia molecules 
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form hydrogen bonds with water molecules, and some dissociate to form 
ammonium ions (NH;) and hydroxide ions (OH) according to the following 
equilibrium reaction: 


NH3(7- H;0o = NH44 + OH) 


(i) Because of the presence of these hydroxide ions aqueous ammonia acts as 
an alkali, producing ammonium salts with acids. For example: 


INH giaq + 20H Gay + Hz SO2Gy ^ (NH; S01 4 -2H;0n 
(ii) It precipitates the hydroxides of most metals. For example: 
Fe15--20Hg > Fe?* (OH Ja 
(iii) It forms soluble ammines with copper(il) ions and with zinc ions. (The 


hydroxides of these metals will therefore dissolve in excess aqueous ammonia, 
see Unit 9.) Copper(i) gives the deep royal-blue tetra-ammine-copper(1!) ion: 


Cus) + 4NH3qg > Cu(NH3)ihq) 
Zinc gives the colourless tetra-ammine-zinc ion: 


Zn + 4NH3 (eq) > Zn(NH3)4Gq) 


(d) Tests for Ammonia 
Ammonia can often be detected by its characteristic odour. The gas produces 
dense white fumes of ammonium chloride with hydrogen chloride: 


NH 3iy+HCh» > NH4 Clo 


Also, it is the only common alkaline gas. 


(e) Uses of Ammonia and Ammonium Compounds P 
Ammonia gas is used in the manufacture of nitric acid; liquid ammonia 1$ 
used as a refrigerant. Ammonium sulphate, ammonium nitrate and 
ammonium phosphate can be obtained from ammonia for use as ‘artificial’ 


fertilizers. EA 3 
Urea is manufactured from ammonia and can be used as a fertilizer and in the 


manufacture of plastics. Ammonia is also used in the manufacture of nylon and 
as a constituent of proprietary household cleaners. 


10.27 Nitric Acid, HNO3 


Nitric acid is a colourless liquid when pure; there is, however, often a yellowish 
coloration due to dissolved nitrogen dioxide formed when sunlight causes 
slight decomposition. Chemically it acts both as an acid and as an oxidizing 
agent. 


(a) Preparation 


Nitric acid is manufactured by the catalytic oxidation of ammonia gas (see 
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Unit 14). In the laboratory it can be prepared by warming sodium nitrate or 
potassium nitrate with concentrated sulphuric acid: 

NO; +H,SO4 ^ HS04 4-HNO;(y 


The nitric acid distils over and is collected in a water-cooled receiver (see Fig. 
10.11). 


nitrate 
and concentrated Sink 
sulphuric acid Heat i [| 


Nitric acid 


Fig. 10.11 Laboratory preparation of nitric acid 


Because concentrated nitric acid attacks rubber and plastics, the preparation 
is carried out in an all-glass apparatus. 

The flask fills with brown fumes of nitrogen dioxide produced by the 
decomposition of some of the nitric acid during distillation: 


4HNO, ^ 4NO;,-2H;0( 4-5) 


The concentrated nitric acid obtained is yellow owing to the presence of 
dissolved nitrogen dioxide. 


(b) Properties of Nitric Acid as an Acid 
(i) A dilute aqueous solution of nitric acid behaves as a strong monobasic acid: 
HNO 3, +H20q > H3O¢q) + NOsua 


It forms only one series of salts, called nitrates. It will neutralize a base (e.g. 
sodium hydroxide) forming a salt and water only: 


H* NOs) +Na* OHí > Na* NOzaa t H200 
(ii) It reacts with carbonates and hydrogencarbonates producing carbon 
dioxide. For example, with sodium hydrogencarbonate: 
H* NOS(aqy+Na* HCO;,, > Nat NO Sag) + CO; tH 20% 


; (iii) In general it does not react with metals to liberate hydrogen. This is because 
it is a powerful oxidizing agent, even in aqueous solution. (Its reaction with 
magnesium, however, does give hydrogen, as explained in Section 9.10.) 
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(c) Properties of Nitric Acid as an Oxidizing Agent 

(i) Reaction with metals. Moderately concentrated nitric acid reacts with 
most metals to form the nitrate, nitrogen monoxide and water. With copper, 
for example: 


3Cu,) +8H* NOS (aq > 3Cu?* (NOS, ajay + 2NO(g + 4H200 


Using concentrated nitric acid, nitrogen dioxide is produced together with the 
metal nitrate and water: 


Cu) +4HNOsq)” Cu? + (NO5)a(aq+2NO (+ 220m 


Both iron and aluminium are rendered ‘passive’ by concentrated nitric acid, 
i.e. a thin impervious oxide layer is formed which prevents further reaction. 


(ii) Reaction with non-metals. Warm concentrated nitric acid oxidizes 
sulphur to sulphuric acid and carbon to carbon dioxide, brown fumes of 
nitrogen dioxide being produced in each case: 


So + 6HNO3q) > Hz S025, -- NO; +2H20 
C4--4HNO3q > C04,-INO;q-2H;00 


(iii) Other oxidizing reactions. Concentrated nitric acid oxidizes an acidified 
solution of an iron(i) salt to an iron(m) salt: 


3Fe?* Cl, + 3H *Cliaqy + HNOsq > 3Fe?* Clg, + NO +2H20w 


(d) Uses of Nitric Acid 

Nitric acid is widely used throughout the chemical industry. It is important in 
the manufacture of nitrogenous fertilizers such as ammonium nitrate, and 
explosives such as TNT and nitroglycerine (methyl-2,4,6-trinitrobenzene and 
propane-1,2,3,-triyl trinitrate, respectively). 


10.28 Nitrates 


Nitrates of metals high in the electrochemical series (e.g. sodium and potass- 
ding nitrite and oxygen: 


ium) decompose on heating to give the correspon 


2Na* NO; ^ 2Na* NO; + O20 

nitrogen dioxide and oxygen. 
zinc, lead(11) and 
heating and gives 


Most other nitrates give the metal oxide, , 
Notable examples are the nitrates of calcium, magnesium, 
copper(i). Thus blue-green copper(t1) nitrate decomposes on 
black copper(II) oxide: 

2Cu?* (NO3)21s) 7 2Cu?* Od; ANO; + O28 


The nitrates of metals low in the electrochemical series (e.g. mercury and 
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silver) decompose on strong heating to give the metal, nitrogen dioxide and 
oxygen: 

2Ag* NOS, > 2Ag,-2NO;( + O24) 


Ammonium nitrate decomposes into dinitrogen oxide (nitrous oxide) and 
water vapour: 


NH{NO5q > N,0,--2H;0, 


This reaction is potentially dangerous since ammonium nitrate explodes on 
strong heating. 


10.29 Oxides of Nitrogen 


(a) Nitrogen Dioxide, NO, 


(i) Preparation 
This gas can be prepared in the laboratory by the action of heat on lead() 
nitrate: 


2Pb?* (NO5),,, > 2Pb? *075+4NO 24) t Oz) 


Lead(n) nitrate 


Freezing 
— - mixture 


Fig. 10.12 Laboratory preparation of nitrogen dioxide (dinitrogen 
tetroxide) 


The apparatus used in the Preparation is shown in Fig. 10.12. As the white 
crystalline lead(r) nitrate is heated it decrepitates (crackles) and decomposes 
to yellow lead(11) oxide. Brown fumes of nitrogen dioxide are given off and con- 


dense in the freezing mixture to form the pale-yellow liquid dinitrogen 
tetroxide (N,0,). 
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(ii) Properties 
Brown nitrogen dioxide gas exists in equilibrium with its dimer, dinitrogen 
tetroxide: 

2NO;, = N;:04 


The percentage of each gas in the equilibrium mixture depends on the 
temperature. At low temperatures the percentage of dinitrogen tetroxide is high 
and the mixture is pale yellow in colour. As the temperature is increased the per- 
centage of nitrogen dioxide increases and the colour darkens until, at 150°C, the 
gas is entirely nitrogen dioxide and is almost black. 

The gas mixture is very soluble in water, producing an acid solution containing 
nitric acid and nitrous acid: 


2NOzi H200) > H*NO;sua t H*NOz 


Nitrogen dioxide supports the combustion of strongly burning materials such 
as phosphorus and magnesium: 


4Mg -2NO; > 4Mg?* OG - Not 


(b) Nitrogen Monoxide, NO 

(i) Preparation 

Nitrogen monoxide (nitric oxide) can be prepared by the action of moderately 
concentrated nitric acid on copper: 


3Cu--8H* NOn > 3Cu?* (N05);59 +2NO%e) +4H,0,) 


The gas can be collected over water so that nitrogen dioxide impurities will be 
dissolved. 
(ii) Properties 
Nitrogen monoxide is a colourless gas which rapidly turns brown on exposure 
to air or oxygen, owing to the formation of nitrogen dioxide: 

2NO{q)+ O21) > 2NOz( 

colourless brown 

A cold solution of iron(ir) sulphate absorbs nitrogen monoxide, becoming 

dark brown in colour. This reaction is reversible, and pure nitrogen monoxide 
is liberated on warming the solution. The compound responsible for the dark- 
brown colour can be represented by the formula Fe?*SO3~. NO. 


10.30 Phosphorus and Some of its Compounds 


Phosphorus exhibits allotropy, i.e. it exists in several physically different but 
chemically identical forms. The two common forms are white phosphorus, which 
is in fact a yellowish waxy solid, and red phosphorus, a reddish powder. White 
phosphorus ignites spontaneously in air and is therefore stored under water. 


_ 4 


De 
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Great care must be taken not to handle it with the fingers. Red phosphorus is much 
less reactive and can be safely stored in contact with the air. 


(a) Phosphorus(v) Oxide (phosphorus pentoxide) 
This compound is formed as a white solid when phosphorus burns in an excess 
of air or oxygen: 


Pai) t5029 > P4010) 


White phosphorus exists as P, molecules with a tetrahedral structure, and the 
phosphorus(v) oxide exists as P40, molecules. 
Phosphorus(v) oxide reacts vigorously with water, forming phosphoric 
acid: 
P4010) +6H20¢) =% 4H3 PO}Gq) 


Because of this affinity for water it is often used for drying gases which do not 
react with it. 


(b) Chlorides of Phosphorus 
Phosphorus trichloride (PCI,) is a typical covalent chloride of a non-metal. It is 


prepared by passing chlorine over white phosphorus in the absence of air and 
moisture: 


P444-6Cl; > 4PCl;q 


The colourless liquid, fumes in moist air and reacts readily with water to form 
phosphonic acid (phosphorous acid): 
PCl3q)+3H,0q, > H} PHO  -3H* Clas) 
Phosphorus pentachloride (PCl,) is obtained by the direct addition of chlorine 
to the ice-cold trichloride: 
PCl3 y+ Clo = PClsis) 


Like the trichloride, phosphorus pentachloride is attacked by water. If the water 
is in excess, phosphoric acid results: 


PCl 54) --4H;0q > H$ PO$ 4 + 5H * Cla 

(c) Uses of Phosphorus 
Much of the phosphorus produced is burned to phosphorus(v) oxide 
(phosphorus pentoxide) in order to prepare pure phosphoric acid. The acid can 
be converted into phosphate fertilizers; however, as outlined in Unit 14, most of 
these are prepared directly from phosphate rock (calcium phosphate). 

Phosphates are used commercially in water softening, washing powders, 
baking powder and in dietary supplements. 


10.31 Carbon and Silicon (Group 4) 


The symbols, atomic numbers, electronic configurations and important physical 
properties of these two elements are given in Table 10.4. 
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Table 10.4 Physical properties of carbon and silicon 


Electronic Atomic Melting Boiling Density 
configuration number point (K) point (K) (kg m^?) 


Carbon (C) 24 6 - 5100 2300 
Silicon (Si) 2.8.4 14 1680 2628 2300 


Carbon and silicon are both non-metals with four electrons in their outer 
energy level. Both are characterized by their ability to form four covalent bonds, 
but their chemical properties are completely different. Carbon atoms readily 
form multiple covalent bonds with each other, resulting in long chains and rings 
(see Unit 11). The chemistry of silicon, however, is dominated by the silicon- 
oxygen covalent bond, as illustrated by the giant molecules of silicon(1v) oxide 


(silica) and the silicones. 


10.32 Carbon Compounds 


A study of the compounds of carbon is called *organic chemistry' and is the 
subject of Units 11 and 12. In this Unit we shall deal only with the oxides and 
related compounds. 

The chemistry of carbon dioxide (CO,) is discussed in Unit 6 as one of the 
component gases of the air. 


10.33 Carbon Monoxide 


Carbon monoxide (CO) is not a normal component of the air, and its presence 
in atmospheric pollution is entirely due to human activity. It is present in the 
exhaust gases from internal combustion engines, and escapes from coal and 
coke fires when incomplete combustion occurs. It is a very poisonous gas, and 


particularly dangerous because it has no odour and causes drowsiness. (For 
hould never be run in a closed garage.) Carbon 


this reason a car engine s See d 
monoxide is poisonous because it reacts with the haemoglobin in the blood, 
longer available to 


forming ‘carboxyhaemoglobin’. The haemoglobin is no e 
carry oxygen throughout the body, and death results from oxygen starvation. 
Carbon monoxide poisoning can be recognized by the cherry-red colour it 
imparts to the blood. 


(a) Laboratory Preparation 
(i) By the reduction of carbon dioxide with carbon — 
The complete combustion of carbon gives carbon dioxide: 


Cet Or 2 COx9 
This carbon dioxide can react with more carbon at red heat to form carbon 


monoxide: 


CO;(94- Co 2 2C0( 
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These reactions take place in a coke fire or when carbon dioxide is passed over 
red-hot carbon in a silica tube. 


(ii) By the dehydration of methanoic acid or ethanedioic acid with concentrated 
sulphuric acid 

Concentrated sulphuric acid is a powerful dehydrating agent (see Section 
10.22), and its action on methanoic acid (formic acid) removes the elements of 
water, releasing carbon monoxide: 


HCOOH, —H20,) > CO, 


In the laboratory preparation of carbon monoxide, solid sodium meth- 
anoate (sodium formate) is preferable to liquid methanoic acid which has a 
pungent smell and will blister the skin on contact. Concentrated sulphuric 
acid first liberates the more volatile methanoic acid from its salt and then 
dehydrates it: 


HCOO-Naj, +H,SO4q) > HCOOH) +Na* HSO;,, 
HCOOH, —H0q > CO, 


If ethanedioic acid (oxalic acid) is used in place of methanoic acid, the 
product is a mixture of carbon monoxide and carbon dioxide: 


COOH 
L a EGO - GO 
(s) 


The carbon dioxide is removed by passing the gases through sodium hydroxide 
solution: the carbon dioxide dissolves but the carbon monoxide is unaffected. 


(b) Properties 
(i) Carbon monoxide burns with a blue flame, forming carbon dioxide (the 
reaction is exothermic): 


2C0(54-05, > 2CO;( 


(ii) It is a powerful reducing agent, being used in the reduction of certain heated 
metal oxides to the metal. Thus it plays an important role in the extraction of 
iron: 


Fe;O34-3CO(, > 3CO;( -2Feqy 


(in iron ore) 


10.34 Gaseous Fuels 


Fuels are substances that provide heat energy. They may be solid (e.g. coal or 
coke), liquid (e.g. petrol and oils) or gases (e.g. methane, hydrogen, carbon 
monoxide). Gaseous fuels are often preferred in industry because they are easily 


controlled during burning and can be piped to any locality. Some important fuel 
gases are discussed below. 
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(a) Water Gas and Producer Gas 

Carbon monoxide is an important ingredient of both water gas and producer gas, 
two gaseous fuels used in industry. When a blast of steam is forced through a 
white-hot bed of coke, hydrogen and carbon monoxide are produced in equal 
volumes: 


Co tH20w > CO Hato 


Both gases will burn in air, producing heat. This mixture of gases is called water 
gas and is formed only when the coke is at white heat. 

The reaction is endothermic and the coke cools to about 1000°C after a few 
minutes. A blast of air is used to reheat the coke, forming producer gas by the 
exothermic reaction : 


2Co + Org t 4Nau, > 2C0@+4Na 


air 


Producer gas is a much less efficient fuel than water gas because it contains only 
one-third carbon monoxide (by volume) and is diluted by nitrogen of the air. 


(b) Coal Gas 

Coal gas is a mixture of gases produced when coal is destructively distilled in the 
absence of air. Its composition depends on the temperature of distillation and on 
the grade of coal; a typical analysis is given in Table 10.5. 


Table 10.5 Composition of coal gas 


Gas Percentage by volume 
Hydrogen 50 
Methane 35 
Carbon monoxide 7 
Nitrogen 5 
Other hydrocarbon gases 3 


_ Othe hydrocarbon 7 — ——— — m 


The destructive distillation of coal can be illustrated using the apparatus shown 
in Fig. 10.13. : i5 ANA 
After heating, coke remains in tube A. A brownish-yellow liquid with a black 


oil (tar) is seen in the cooled tube B. The brownish-yellow liquid is aqueous 


ammonia and the black oil (tar) contains a variety of important organic com- 


pounds. Coal gas is collected in the gas jar C. f " 
Before coal gas is used as a fuel, the tar, ammonia and sulphur compoun 


(particularly hydrogen sulphide) must be removed. 


Until the disco i d beneath the 
Until the discovery of large natural-gas fields in the Sahara an nea 
t domestic fuel gas in Great Britain was town gas 


North Sea, the most importan' à so a 
(coal gas with various additions). Now the most important fuel gas is natural gas, 
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and water 


Aqueous 
ammonia 
and tar 


Fig. 10.13 Destructive distillation of coal in the laboratory : this experiment 
shows the principles underlying the manufacture of coal gas 


composed of almost pure methane (CH,). In the United States and Canada 
natural gas has been used as a major industrial and domestic fuel for many years. 

Natural gas burns with a hot blue flame and is the cleanest and most efficient 
of all fuel gases. Its heat value is considerably higher than that of water gas or 
town gas. 


10.35 Silicon and Silicon(rv) Oxide 


Silicon occurs abundantly in the earth's crust as the oxide SiO; (silica) and as 
silicates in rocks and clays. The chemistry of silicon is characterized by its 
ability to form covalent silicon-oxygen bonds. In the giant covalent silicon(IV) 
oxide molecule, each silicon atom is covalently bonded to four oxygen atoms (see 


Fig. 10.14). 
Silicon(IV) oxide ZAS 
EIN 
| 7 (X 
i S 
Si [^] Si 0 Si [e] / | \ N 
S 
| Sa 
o o o pim y 


—Si—0—si—o—si—o— 

Tetrahedral 
arrangement of 
(0) fo) [e] Silicon atoms in 
the molecule 


—7$i—70——-$i——0—si—0— 


Fig. 10.14 Molecular structure of silicon(1v ) oxide ( silica) 


This results in an extremely hard and stable compound existing in à number 
of different crystalline forms, the most common of which is quartz. Sand 5 
mainly impure silicon(tv) oxide. 


b D) 
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10.36 Silicones 

Since silicon and carbon occur in the same group in the periodic table, it might 
be expected that silicon would form complex structures corresponding to the 
‘polymeric’ carbon compounds described in Unit 11. This is partly true, but 
unlike carbon, which can form multiple carbon-carbon bonds, silicon tends to 
form stable silicon-oxygen multiple bonds as shown in the silicon(1V) oxide 
molecule (Fig. 10.14). Also unlike carbon, silicon compounds can exist with two 


hydroxyl groups attached to the same silicon atom: 
CH; 


| 
HO—Si—OH 


CH; 


Molecules of this type are able to polymerize (join together to form larger 
molecules) by eliminating the elements of water (see Unit 11): 


CH; CH; CH; CH; 
"EM ee ies: ae 
H:0—Si—OH H:0—Si—‘0H H:0—Si—OH H:0—Si— OH 


CH; CH; CH; CH; 
CH, CH, CH; CH; 


l l l 
0—Si—O—Si—O—Si—O—Si—O 


| | 
cH, CH, CH, CH +nH,O 


Polymeric silicon molecules like that shown above, together with those which 
can be produced with cross-linking like that shown below, are called silicones. 


veia 
CH; | | ie 
| o. $1-0-si-0-Si 
MES 

fe) (0) 
eioi 
Si-o-Si-0-Si-O^ 
les | | CH; 

l l 


(Part of a silicone with cross-linking) 
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Silicones can be oils or rubbery solids, according to the length of the polymer 
chain and the degree of cross-linking. Because of their ability to withstand heat 
and retain their lubricating properties even under very cold conditions, they are 
used as high- and low-temperature lubricants. In addition, they find widespread 
applications in electrical insulation, water-repellent finishes and in heat-resisting 
resins and lacquers. 


10.37 Glass 


‘Soda glass’ or ordinary ‘soft’ glass is prepared from sand (silicon(1v) oxide), 
limestone and sodium carbonate. When these ingredients are heated strongly 
they fuse (melt), forming a transparent liquid mixture of sodium silicate, 
calcium silicate and silicon(1v) oxide (silica). The transparent mixture known 
as soft glass does not crystallize on cooling but hardens into a transparent 
solid. Molten ‘glass’ can be blown or shaped into any desired form. 

The addition of appropriate metal oxides during manufacture gives colour 
to the glass. Cobalt(11) oxide, for example produces a deep-blue colour. 

‘Pyrex’ glass is made by fusing silicon(Iv) oxide (sand), disodium tetra- 
borate-10-water (borax) and aluminium oxide. The glass produced can with- 
stand wide temperature variations because of its small coefficient of expan- 
sion, and is therefore widely used in ovenware and laboratory glassware. 


Summary of Unit 10 


1. Most non-metals are gases consisting of separate covalently bonded diatomic 
molecules with only weak attractive forces between them. Such a structure 
accounts for their low electrical and thermal conductivity. ada 

2. Non-metals readily gain electrons to form anions. They also form acidic 
oxides. 

3. Members of the halogen family each have seven electrons in their outermost 

energy level, and react by accepting an electron to become the anion X~. 

- Fluorine is a stronger electron acceptor than any other element. The other 
halogens are strong electron acceptors, the ease of acceptance decreasing as 
the atomic number increases, i 

. The halogens are powerful oxidizing agents; the order of oxidizing ability is 
fluorine > chlorine > bromine > iodine. 

. Halogens are prepared by the removal of electrons from halide ions. In the 
case of fluorine such removal of electrons requires an electrolytic process, 
whereas the other halogens are liberated by chemical methods. , 

7. Chemical reactivity of the halogens is usually associated with the formation 
of the halide ion. 

- The halogen hydrides are gases (hydrogen fluoride boils at 19 ^C) and their 

aqueous solutions are acidic. 

- Hydrogen can be obtained from water, acids or alkalis. 

. Pure hydrogen burns quietly with a blue flame, but forms explosive mixtures 


tA 


. Carbon and silicon are elements in 


. Carbon monoxide is a powerful reducing agent. 


- Coal gas and natural gas are two other important 
. Silicon forms covalent bonds with oxygen 
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with oxygen or air. It is a reducing agent. Reaction with non-metals produces 
the appropriate hydride. 


. Oxygen and sulphur are elements in Group 6, having six electrons in their 


outer energy level. They form both ionic and covalent bonds. 


. Oxidation can be defined in terms of oxygen gain, hydrogen loss, a loss of 


electrons or an increase in oxidation number. Reduction is the converse of 
oxidation. 


. Sulphur is an allotropic element. 
. Hydrogen sulphide has a characteristic odour and is a reducing agent. 
. The two common oxides of sulphur are sulphur dioxide (SO;) and sulphur 


trioxide (SO). 


. Sulphur dioxide is the anhydride of sulphurous acid. Both the gas and the 


acid have reducing properties. 


. Sulphur trioxide (sulphur(vi) oxide) is the anhydride of sulphuric acid. 
. Sulphuric acid has the following properties: 


(a) it is an acid in dilute solution 
(b) it is an oxidizing agent when hot and concentrated 
(c) it is a dehydrating agent when concentrated. 


. Sulphuric acid is used in the preparation of the more volatile acids. — 
. Nitrogen and phosphorus are elements in Group 5, having five electrons in 


their outer energy level. 


. Ammonia (NH) is the most important hydride of nitrogen. It is a reducing 


agent. 


. Ammonia dissolves readily in water; its solution, aqueous ammonia, is an 


alkali. 


. Nitric acid acts both as an acid and as an oxidizing agent. i 
. Common oxides of nitrogen include nitrogen dioxide (NO2), nitrogen 


monoxide (nitric oxide, NO) and dinitrogen oxide (nitrous oxide, N20). 


. Phosphorus is an allotropic element. l i 
. Phosphorus forms an extremely reactive acidic oxide (phosphorus(v) oxide, 


phosphorus pentoxide) and two chlorides (phosphorus pentachloride and 


phosphorus trichloride). Abra 
Group 4, having four electrons in their 


outer energy level. Both form strong covalent bonds. 


. Diamond and graphite are allotropic forms of carbon. 
. Carbon dioxide is the product of comp 


lete combustion of carbon, whereas 
lete combustion of carbon. 


carbon monoxide is produced by the incomp n D 
It is a main constituent of 


water gas and producer gas, two important gaseous fuels. 
gaseous fuels. 


in the giant covalent silicon(1v) 


oxide (silica) molecule and also in silicones. 


- Glass is produced from silicon(rv) oxide. 


pw 
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Test Yourself on Unit 10 


1. You are provided with the following chemicals: copper, manganese(Iv) oxide, 
sulphuric acid, sodium hydroxide, ammonium chloride. 

Which of these would you mix together (heating if necessary) to prepare: 

(a) hydrogen chloride 

(b) chlorine 

(c) ammonia 

(d) sulphur dioxide? 
Write an equation for each preparation. 


2. This question refers to the halogens (fluorine, chlorine, bromine and iodine). 
(a) Bromine has an atomic number of 35. Give its electronic configuration. 
(b) Which halogen has the lowest boiling point? 

(c) Which halogen is the most powerful oxidizing agent? 

(d) Name the compound formed when chlorine reacts with iron. 

(c) Write an electronic equation showing the formation of a fluoride ion from 
a fluorine atom. Is this an oxidation or a reduction process? 

(f) Which halogen exists as a liquid at room temperature and atmospheric 
pressure? 


(g) Which of these halogens has the largest number of electrons in the neutral 
atom? 


3. Sulphuric acid can act as (i) an acid, (ii) an oxidizing agent, and (iii) a 

dehydrating agent. In which of these ways is it reacting when: 

(a) Sugar blackens and swells, becoming hot and liberating steam. 
(b) Sulphur is converted to sulphur dioxide. 

(c) Blue copper(i) sulphate crystals turn white. 

(d) Carbon dioxide is liberated from a carbonate. 

(e) Warmed with copper, sulphur dioxide is liberated. 

4. Name: s 
(a) The nitrogen-containing compound formed when calcium hydroxide is 
warmed with ammonium chloride. 

(b) The white solid formed when sulphur dioxide and oxygen are passed over 
a heated catalyst and the product is cooled. 

(c) The white fumes produced when phosphorus burns in oxygen. 

(d) The colourless gas obtained when concentrated sulphuric acid is added to 
sodium methanoate (sodium formate). 


5. Compounds A, B and C are all white crystalline sodium salts. T 
(a) A solution of A reacts with silver nitrate solution to give a yellow precipi- 
tate (D), which is insoluble in dilute nitric acid. An aqueous solution of A 
reacts with chlorine dissolved in tetrachloromethane (carbon tetrachloride) 
to give a purple coloration. 
(P) B reacts with warm dilute hydrochloric acid to liberate a pungent- 


smelling colourless gas (E), which turns acidified dichromate(vi) solution 
from orange to green. 


YS 
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(c) C reacts with dilute hydrochloric acid to liberate an unpleasant-smelling 
gas (F), which blackens a filter paper soaked in lead(11) ethanoate (lead acetate) 
solution. 
Identify the sodium salts A, B and C, and the products D, E and F, whose 
reactions are described above. 


6. State whether each of the following statements is true or false: 
(a) Sulphur is an allotropic element. 
(b) Silicon forms multiple silicon-oxygen bonds in both silicon(1v) oxide and 
silicones. 
(c) All non-metals are gases. 
(d) All non-metals are held together by weak attractive van der Waals' forces. 
(e) Oxidation is defined as an increase in oxidation number. 
(f) Ammonia forms a deep-blue ammine with Cu?* ions. 
(g) All metal nitrates yield the metal oxide, nitrogen dioxide and oxygen 
on heating. 
(h) Water gas and producer gas are gaseous fuels containing carbon 
monoxide. 
(i) Chlorine is absorbed by sodium hydroxide solution. 


Mark this test out of 40 with the answers given on page 379. r^ 


Unit Eleven 


Classification of Matter IV: Organic 
Chemistry—The Chemistry of Carbon 


Petroleum 


x HYDROCARBONS E E 


CARBON 
and its 
covalency 


Alcohols and some 
related compounds 


The term ‘organic’ chemistry was originally confined to a study of those 
compounds of carbon which occurred in living organisms. However, in 1828 a 
German chemist, Friedrich Wöhler, synthesized the organic compound urea 
from the non-living ‘inorganic’ substance ammonium cyanate, and so the mean- 
ing of organic chemistry has had to be extended to include the compounds of 
carbon whether or not they occur in living organisms. A few carbon compounds 
such as carbon dioxide and the carbonates have been described in previous Units 
and are not usually studied as part of organic chemistry. 

Because of the unique ability of carbon atoms to bond covalently in chains and 
rings, there is an enormous number of different organic compounds. Indeed the 
compounds containing carbon outnumber those that do not. 

This Unit looks at petroleum, a major source of the hydrocarbons (compounds 
containing carbon and hydrogen only). It begins to classify these hydrocarbons 
according to their structure and Properties and finally describes some other 
simple but important organic compounds. 

Attempts are made throughout Units 11 and 12 to illustrate the shape of 
organic molecules. For a more complete picture, three-dimensional molecular 
models would greatly assist an appreciation of the spatial arrangement of the 


atoms within the molecule. These may be constructed with polystyrene balls and 
Pipe-cleaners or cocktail-sticks. 


i 
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11.1 Covalency of Carbon 


A carbon atom contains four electrons in its outer energy level and can form four 
covalent bonds by sharing with four electrons from other atoms. The carbon atom 
thus has a share in eight electrons and attains the stable configuration of the 
noble gas neon. Each covalent bond is formed by the sharing of a pair of 
electrons and is directed in space (see Fig. 11.1). 


(a) Carbon- Hydrogen Covalent Bonds 

As described in Unit 2, methane (CH4) contains four carbon-hydrogen covalent 
bonds directed towards the corners ofa regular tetrahedron. In this molecule each 
of the four carbon electrons forms an electron-pair covalent bond with the four 
electrons of four hydrogen atoms: 


H 
oCo+4H* > HiGPH or  H—C—H 
H 


Each atom thus attains a noble-gas electronic configuration, and the resulting 
molecule is very stable. 

The above ‘dot-and-cross’ representation for methane does not give any indica- 
tion of the three-dimensional shape of the molecule. Fig. 11.1 shows three ways 
in which the spatial arrangement of the atoms in methane can be represented. 


(c) Charge -cloud model 


(a) Ball-ond- stick model (b) Simple tetrahedral orrangement 


Fig. 11.1 Three methods of representing the molecular structure of 
methane CH4 


(b) Carbon-Carbon Covalent Single Bonds 
Carbon can also form strong covalent bonds wi 
unique property of carbon which is fundamen 
molecule (C,H,) contains one carbon-carbon single cov 


th other carbon atoms. This is the 
tal to its chemistry. The ethane 
alent bond and six 
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carbon-hydrogen covalent bonds. Fig. 11.2 shows a ‘dot-and-cross’ representa- 
tion and a spatial arrangement of the ethane molecule. 


H 
NS ^^f 
H H j i Pali 
OK ox He Cm C. 
H?CB8CH CN E 
ox ox Ma Ju ` | 9H 
H H wY Ns i7 
= 
H H 
(a) *Dot-and-cross' (b) Model showing tetrahedral 
representation arrangement of atoms 


Fig. 11.2 Molecular structure of ethane C; Hg 


There is seemingly no limit to the number of carbon atoms which can link up to 
form carbon chains. For example, Fig. 11.3 shows three carbon atoms linked 


together in a molecule of the hydrocarbon propane (C,Hg) and nine in the 
hydrocarbon nonane (CH 5o). 


(a) Propane showing tetrahedral arrangement of atoms 


H H H H 4H H H 
H H 
VP NE V V M V V 
H^ X SH HT X Sev Neon 
T ra 7d 
H À f M d£ H NH \, 


(b) Propane (c) Nonane 


Fig. 11.3 The hydrocarbons propane C4H and nonane CH 5o 


In Figs. 11.35 and 11.3c the tetrahedral outline of the carbon atoms has been 
omitted for ease of drawing, but the three-dimensional configuration of the 
molecule and the fact that the carbon chain is not straight should still be apparent. 
For even greater convenience it is often sufficient to represent carbon chains in 
only two dimensions: thus the formula of propane may be written as 


H H H 
ne 
H—C—C-—C—H 


i H HH 


* 
It must be borne in mind, however, that this is much further from a true picture 
than the structures shown in Fig. 11.3. 
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The structures of hydrocarbon compounds are not restricted to ‘straight’ 
chains of carbon atoms. Rings and branched chains often occur, as shown in 
Fig. 11.4. 


H p. H J 
Hoc. H CCH 
a a Hy p. 
; u^ P" 
E "MD 
H^ [^H HO Soe Sh 
n v 
H H 
2- methylpropane Cyclohexane 


Fig. 11.4 Alternative representations of (left) a branched-chain 
hydrocarbon and (right) a ring hydrocarbon 


(c) Carbon-Carbon Covalent Double Bonds 

The carbon-carbon bonds described so far are formed by the sharing of two 
electrons, In the ethene (ethylene) molecule, C,H,, there are four ecu Ons 
shared between the two carbon atoms, two electrons being provided by each 
atom, This can be represented as 


H 


9 o 

XC°C} 

Riad 

or simply as 

H H 

No SEE 

c=C 

\ 
2 H 


structure. In this case there are 
bonds between the two carbon 
a double bond 


p" 


All the atoms in the molecule attain a noble-gas 
two pairs of electrons and hence two covalent 
atoms. This is a carbon-carbon double bond. The presence of such 
results in a planar (flat) structure (Fig. 11.5). 


— 


262 Success in Chemistry 


Fig. 11.5 Molecular structure of ethene C, H,: all six atoms lie in the same 
plane 


(d) Carbon-Carbon Covalent Triple Bonds 

The sharing of three pairs of electrons between two carbon atoms results in the 
formation of a carbon-carbon triple bond, as illustrated in the ethyne 
(acetylene) molecule C,H): 


HiCjCH or  H—-C-C-H. 


This molecule is linear, with all four atoms in a straight line. 


(e) Carbon-Oxygen Covalent Bonds 
Oxygen, having six electrons in its outer energy level, must share with two 
electrons of other atoms (or atom) to gain a stable noble-gas structure. Thus 
oxygen will form two electron-pair covalent bonds, either two single (as in 
methanol) or one double (as in propanone). 

Methanol (methyl alcohol) CH OH has a structure which can be represented as 


H 
OX +. | 
HiC*Q: or  H-C-O 
HH | | 


H H 


Propanone (acetone) CH;COCH; has a structure containing a double covalent 
carbon-oxygen bond 


(f) Other Elements which Bond Covalently with Carbon 
Nitrogen has five electrons in its outer energy level, and the halogens have seven. 
Nitrogen requires three more electrons to form a noble-gas configuration, and the 
halogens require one. Thus nitrogen will form three covalent bonds and the 
halogens a single covalent bond. For example: 

(i) Methylamine CH;NH, contains a carbon-nitrogen single bond 
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HiC*N;H or H—C—N—H 


H H 


Gi) Trichloromethane (chloroform) CHCl; contains three carbon-chlorine 
single covalent bonds 


SS cl 
Cl | 
H$C*CI d H-CacCl 
tI | 
cl 


11.2 The Alkanes 


Organic compounds containing only carbon and hydrogen are called hydro- 
carbons. These compounds can be further classified according to their varying 
structures. The alkanes (also known as paraffins) are those hydrocarbons which 
contain only carbon-carbon covalent single bonds. Table 11.1 lists the names 
and molecular formulas for the first ten alkanes. 


Table 11.1 The alkanes 


Methane CH, 

Ethane C;Hg 

Propane C;Hg 

Butane C4,Hio 
Pentane C;H;; 
Hexane C&H;4 
Heptane C;H;s 
Octane C,H;s 
Nonane CoH20 
Decane CioH22 


in the laboratory because they are easily 


Alkanes are not normally prepared 
f methane, from natural 


obtained on a large scale from petroleum or, in the case o 
gas. 


(a) General Formula 

The alkanes have a general formula 
atoms in the molecule. For example, when n is 3, (2n+2) 
formula C,H, (propane). 


C,H5,..2 where n is the number of carbon 
= Sand the alkane hasa 


(b) Structure 
The structure of methane and ethane has 
in Figs. 11.1 and 11.2. In all the alkanes 


carbon atom is tetrahedral. 
d 


already been discussed and is illustrated 
the distribution of bonds around each 
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(c) Isomerism 

]t is found that there are two different alkanes having the molecular formula 
C,H;o: one boiling at —0-5 °C, the other at — 11:7 C. This is because there are 
two, and only two, ways in which the carbon atoms can combine with one 
another: they must join up either in a straight chain or in a branched chain (see 
Fig. 11.6). 


B. A d 
aN 
COR cR NEN Yr X 
iu ON » aA T 
M uL Üü weh 
H H 
or 
or 
rts tai 
H-C-C-C-C-H La um dpa hes 
hh nn ME 
H-C-H 


Fig.11.6 Structures of the two alkanes having the same molecular 
formula C4H o 


These two compounds having the same molecular formula are described as 
isomers. All the alkanes containing four or more carbon atoms exist in isomeric 
forms. The more carbon atoms in the molecule, the greater the number of 
isomers possible. It thus becomes clearer why there is such an enormous number 
of organic compounds. 


(d) Nomenclature 

The names of all the alkanes end with the suffix -ane, e.g. methane, ethane, pro- 
pane, butane. With the exception of the first four members of the series (i.e. the 
four listed above) the names of the alkanes begin with a Greek prefix indicating the 
number of carbon atoms in the main chain, e.g. pentane (five carbon atoms), 
hexane (six), octane (eight). 

Hydrocarbons containing simple substituents, e.g. a halogen or a hydroxyl 
group, and branched-chain hydrocarbons are named according to the following 
system. 

First, select the longest continuous chain of carbon atoms in the molecule and 
use this to deduce the parent name of the compound. 

Secondly, number the carbon atoms of this chain so that the substituents are 
attached to the carbon atoms having the lowest number. 


Finally, name the substituent and write down the name of the compound as one 
word. 
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Example (i). We have already seen that the molecular formula C4H,, can apply 
to two different structures, as illustrated in Fig. 11.6. The first of these is 


H H H.H 


MET 
H—C—C—C—C—H 
ai. 


H HH JH 


The longest carbon chain has four atoms, so the parent name is butane. As there 
are no substituents it is unnecessary to number the carbon atoms, hence the name 
of the compound is simply butane. 

The other isomer of C4H, is 


H H H 


| | 
p o C—— C—H 
| | | 


H H—C—H H 


| 


H 


The longest carbon chain here has only three atoms, SO the parent name is 
propane. On the central carbon atom in the longest chain there is a methyl (CH3) 
substituent. Whichever way we number the chain, the carbon atom to which the 
substituent is attached is number 2. Hence the name of the compound is 
2-methylpropane. 


Example (ii). The molecular formula C,H,Br, can apply to two different struc- 
tures. One is 


H Br 
| 
H—C2— CBr 
ERN 
H H 


The longest carbon chain has two atoms, so the parent name is ethane. Two 
he carbon atoms: this carbon is given 


bromine substituents are located on one oft c i 
the lowest number possible, i.e. 1. So the name of the compound is 1,1-dibromo- 
ethane (1,1- indicates that both bromine atoms are attached to the same 
carbon atom). 

The other isomer of C;H4Br; is 
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Again the longest carbon chain has two atoms, so the parent name is ethane. 
Whichever way they are numbered, there is a bromine substituent on carbon atom 
number 1 and on carbon atom number 2. Hence the name of the compound is 
1,2-dibromoethane. 


(e) Homologous Series 

The alkanes listed in Table 11.1 differ from each other by —CH,—. Thus 
methane CH, differs from ethane C,H. by —CH,—, and ethane in turn differs 
from propane C,H, by —CH;—. Such a series of compounds is called a 
homologous series. 

The members of a homologous series have similar chemical properties and 
show a distinct gradation in physical properties. Thus the melting and boiling 
points of the alkanes increase as the number of carbon atoms increases. Because 
they have similar chemical properties, a knowledge of the properties of one 
member of a homologous series enables the properties of another member to be 
predicted. 


(f) Functional Groups 

A functional group is a part of a compound which has a characteristic set of 
properties. Thus when a bromine atom replaces a hydrogen atom in an alkane, 
it imparts to the compound new chemical and physical properties. Six important 
functional groups are listed in Table 11.2. 


Table 11.2 Functional groups 


Warne Structural Abbreviated 
formula formula 
Chloro- =a zi 
Bromo- —Br —Br 
lodo- —I | 
Hydroxy- Sy —OH 
o 
VA 
Carboxy- -6 —COOH 
[e] 
| 
H 
H 
A Pd 
Amino- = —NH; 
H 
(g) Alkyl Groups 


A group formed by the removal of a hydrogen atom from a hydrocarbon is called 
7 an alkyl group. These groups do not exist on their own but are always attached to 
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another atom or group. Alkyl groups are named by removing the ending -ane 
from the parent alkane and replacing it with -y/. Thus the alkyl group from 
methane (CH,) is methyl (CH4—), and that from propane (C3Hs) is propyl 
(C;H4,—. 


11.3 Properties of Alkanes 


Compounds which contain only covalent single bonds are said to be saturated. 
The alkanes contain only carbon-carbon and carbon-hydrogen single bonds and 
are therefore saturated hydrocarbons. As they have no functional groups they are 
not very reactive. 

The simplest members of the alkanes are colourless gases ; the higher members 
are colourless liquids or waxy solids (e.g. paraffin wax is a mixture of alkanes). 

Alkanes burn readily in air, combining with oxygen to produce carbon dioxide, 
water vapour and large quantities of heat. 


C3H i) + 5054, — 3CO2@ + 4H20@ (AH = —2058 kJ mol") 


For this reason they are widely used as fuels. 


Substitution reactions. For a chemical reaction to occur, bonds must be broken. 
In alkanes the carbon-hydrogen bonds are weaker than the carbon-carbon 
bonds, and for this reason replacement of a hydrogen atom or atoms by some 
other functional group is to be expected. This type of reaction is called a 
substitution. 


Experiment 11.1 Substitution of bromine in hexane 
A sample of hexane (C H,) is placed in a boiling tube and to it is added some 
bromine dissolved in tetrachloromethane (carbon tetrachloride). The tube is 
stoppered, and the mixture shaken and allowed to stand. At first there is no 
change and the red coloration due to bromine is clearly visible. After a while the 
red colour begins to fade and the pungent smell of hydrogen bromide gas can be 
detected when the stopper is removed. The presence of this acid gas is further 
demonstrated if moist Universal indicator paper is held in the vapour inside 
the tube. : 

The bromine is substituted for hydrogen atoms in hexane, producing bromo- 
hexane and hydrogen bromide: 

C,H,44- Br > CeHisBro + HBr) 
(in CCL) 


Further substitution may take place as more hydrogen 


bromine. 

The rate of this type of reaction is increased when energy, in the form of heat or 
sunlight, is supplied. This can be demonstrated by exposing the reaction mixture 
of bromine and hexane to the radiation from a tungsten or ultra-violet lamp: the 
colour of the bromine is then found to disappear much more rapidly. 


atoms are replaced by 
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11.4 Petroleum 


Crude oil or petroleum is a complex mixture of hydrocarbons. It may contain 
sulphur and appreciable amounts of other substances. This oil was formed 
millions of years ago by bacterial action on microscopic organisms living in seas. 
It accumulated first as droplets widely dispersed in porous rock layers, usually 
together with water and gas. Gradually the oil and gas rose through the porous 
rock and much of it escaped. However, some was caught in faults and anticlines 
where layers of porous rock were covered by layers of impervious (non-porous) 
rock, as shown in Fig. 11.7. 


Lond surface 


a 07 


HHHHH] 
(HHH 


(o) (b) 
Fig.11.7 Oil traps: (a) an anticline, (b) a fault 


The gas and petroleum can be extracted by drilling a hole through the cap rock 
into the deposit. Natural gas confined by the impervious rock may collect under 
great pressure, and this compressed gas is often sufficient to force the oil up to the 
surface. As the pressure diminishes the oil is recovered by pumping. 

Rich oil deposits are found in the Middle East, the United States, Canada, 
Mexico, Venezuela and under the North Sea. 


11.5 Refining Petroleum 


(a) Fractionation 

The oil industry takes crude petroleum and separates it into ‘fractions’ having 
different boiling points. This is accomplished by the process of fractional distil- 
lation (see Section 1.5). 

In the laboratory this fractionation of crude oil may be illustrated by using the 
apparatus shown in Fig. 1.7. On an industrial scale the separation is carried out in 
vertical columns containing series of perforated horizontal trays (see Fig. 11.8). 

The crude oil is first heated so that all the fractions to be removed are 
vaporized. This mixture passes into a fractionating column which is divided 
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—> Petroleum gases 


Fractionating 
column 


Horizontal —T| 


trays 


—> Gasoline 


Bubble cap sab elie 


—»-Higher boiling fraction 


—> Residue 


Crude oil Heater 


Fig. 11.8 Industrial fractionation of crude oil 


s. Each tray contains a number of *bubble caps". 
These force the rising vapour through the liquid condensed on the tray causing a 
continuous process of condensation and re-evaporation. Consequently each tray 
contains a lower boiling-point fraction than the one below it. The different 
fractions are taken from the column as indicated in Fig. 11.8. oue 

No attempt is made in fractionation to separate the petroleum into individual 
hydrocarbons. The main fractions include: 

(i) petroleum gases, containing simple chain alkanes; ‘ ee 

(ii) gasoline, a very volatile, low-boiling-point liquid containing hexanes, 
heptanes and octanes; h , i? 

(iii) naphtha, kerosine and other higher-boiling-point fractions, containing a 
mixture of complex hydrocarbons. 5 : 

In the nic rons the demand for these different fractions varies. At = 
present time, with ever-increasing numbers of motor cars, the demand for gasoline 


gal 


horizontally by plates or tray: 
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exceeds that which can be obtained solely by distillation. To increase the pro- 
portion of gasoline obtained from crude oil a process called cracking is employed 
to break large molecules of high-boiling-point hydrocarbons into smaller 
molecules of the more volatile gasoline fraction. 


(b) Cracking 

Cracking is the breaking of carbon-carbon or carbon-hydrogen bonds in large 
hydrocarbon molecules to produce smaller molecules of more simple hydro- 
carbons, together with hydrogen. In thermal cracking, crude oil is decomposed by 
heating to a high temperature under high pressure; in the more efficient 
catalytic cracking, a catalyst (e.g. a mixture of aluminium and silicon oxides) 
enables the decomposition to be carried out at lower temperatures and pressures. 
The product of cracking is a complex mixture of alkanes (e.g. hexane, C6H;4) 
and alkenes (e.g. ethene and propene). 


Experiment 11.2 Demonstration of the ‘cracking’ process 
The apparatus shown in Fig. 11.9 can be used to demonstrate the cracking of a 
number of different substances. 


Mineral wool Clamp 
Specimen 
(absorbed in 
mineral wool) 


Fig. 11.9 Apparatus used in the laboratory to demonstrate the ‘cracking’ 
of oil 


(i) When A is crude oil it is cracked by heating and passing the vapour over 
heated pumice stone located at B. The product collected at C is a mixture of 
alkanes and alkenes. These gases burn with a yellow flame. If bromine water 1$ 
added to a further sample of these gases and the mixture shaken, the red-brown 
colour of the bromine water rapidly disappears. This immediate decolorization 
indicates the presence of an alkene, e.g. ethene, C;H,. 

(ii) A similar experiment is performed using hexane as A in Fig. 11.9 and à 
silicon(Iv) oxide and aluminium oxide catalyst at B. Cracking the hexane 
vapour produces a mixture of hydrocarbons, of which the major component 55 
ethene. 

(iii) When A is ethanol, C,H,OH, B can be porous pot or pumice stone. 
Cracking of the ethanol vapour produces ethene. (This method can be used to 
prepare a sample of ethene in the laboratory.) 


e. 
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Petrochemicals. An oil refinery takes crude oil and from it produces gasoline, 
refinery gases, and other high-boiling-point fractions. It converts the less useful 
fractions into gasoline, ethene, propene and other basic materials used in the 
production of plastics, detergents, solvents, rubbers and an enormous variety of 
equally important compounds. In fact most areas in our technical society use 
petrochemicals in one form or another. 


11.6 Alkenes 


We have seen that two of the most important products of cracking are ethene 
(ethylene) C; H4, and propene (propylene) C3He. Ethene and propene are the 
first two members of a homologous series of hydrocarbons called alkenes. The 
general formula for the alkenes is C,H»,, although the compound with n = 1 
(CH;) does not exist. 

Each of these compounds contains two pairs of electrons shared between two 
carbon atoms, i.e. a carbon-carbon double bond, as shown in Fig. 11.10. They 
are therefore described as unsaturated. (This is in contrast to the alkanes, which 
contain only single covalent bonds and are described as saturated.) 


Fig. 11.10 Molecular structure of ethene C,H, (left) compared with that 
of propene CH. (right) 


presence of a double covalent bond in the 
in the name of each compound, while the 
using the lowest number of the two 
us consider for example a molecule 


Nomenclature of the alkenes. The 
alkenes is indicated by the suffix -ene 
position of the double bond is indicated by 
carbon atoms joined by the double bond. Let 
having the structure 


Fe tabu) o alii = bis bai) 


|-X] 

w! odd = lU eon 
NAM 
ie H H 


(i) The carbon chain contains a double bond; therefore the compound is an 


alkene. 
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(ii) The longest carbon chain containing the double bond comprises five 
atoms; therefore the compound is a pentene. 

(iii) The double bond is situated between carbon atoms 2 and 3; therefore the 
compound is pent-2-ene. 

There is no necessity to number the position of the double bond in either ethene 


Ne F 
ima 
"i H 
HH H 
H ^ | Td 
or propene —C— 
poe 
H H 
The structure 
H H H 
a! 
C=C—C—H 
| 
H H 
is identical with the propene molecule shown above: it is merely drawn the other 
way round. 


11.7 Properties of Alkenes 


(a) Alkenes burn readily in air (as do the alkanes) producing carbon dioxide, 
water vapour and large quantities of heat. With ethene, for example: 

CoH aq) + 3054 — 2CO4, + 2H 20, (AH = — 1329 kJ mol") 
(Caution: mixtures of air and ethene can be explosive and must be handled very 
carefully.) 

(b) In other reactions the alkenes differ from the alkanes because of their 
double bond. Unlike the alkanes, alkenes, such as ethene, undergo a rapid 
reaction with bromine dissolved in tetrachloromethane (carbon tetrachloride), 
and the red-brown colour of the bromine quickly disappears: 


H H H H 


^N: +B Zia 

weet 
/ Nw | | 
H H 


Br Br 


ethene (g) 1,2-dibromoethane(!) 


This addition of bromine producing a compound containing two more atoms 
than were present in the original alkene is a typical reaction of unsaturated 


bo 
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hydrocarbons. Note that it is in complete contrast to the alkanes, which can only 
react by substitution. 

Many other reagents will undergo similar addition reactions with alkenes. 
Thus hydrogen in the presence of a finely divided nickel catalyst adds across the 
double bond of ethene to produce the saturated alkane, ethane: 


n P: H H 
nickel | 
H 
as a5 ? catalyst E 1 n a 
H H H 
ethene(g) ethane(g) 


A Test For Unsaturation 
A compound containing a carbon-carbon covalent double bond rapidly 
decolorizes a red-brown solution of bromine in tetrachloromethane (carbon 
tetrachloride). An alkyne, e.g. ethyne (acetylene) C2H2, containing a carbon- 
carbon triple bond reacts similarly. 

Alkanes react extremely slowly, decolorizing the bromine and liberating 
pungent hydrogen bromide gas (see Experiment 11.1). There is no liberation of 
hydrogen bromide with an alkene or an alkyne. 


11.8 Alcohols 


An alcohol may be considered as an alkane in which a hydrogen has been replaced 
by a hydroxyl (—OH) group. Table 113 gives the names and structural 
formulas of the four simplest alcohols. 


(a) Nomenclature : 
An alcohol is named by replacing the final -e of the parent hydrocarbon with 
-ol. The position of each hydroxyl group is indicated by the number of the chain 
carbon atom to which the hydroxyl group is attached. This number is placed 
before the suffix -ol (see Table 11.3). No number is necessary for methanol or 


ethanol. 


(b) Isomerism ; 
Compounds which have the same molecular formula but different. structural 
formulas are said to be isomeric. Thus propan-l-ol and propan-2-ol are two 
isomers, each having the molecular formula C4H;40. Methoxyethane (methyl 


ethyl ether) is also an isomer having this molecular formula, but it is not an 


alcohol. 
H H H H OHH HH ii 
| | pii pn lips t 
H—C—C—C—OH D ES eer pese 
] dendi al 
H H 
H H H H H H D m 


propan-1-ol 
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Table 11.3 The alcohols 


Name Structural formula 
Methanol N 
B—¢—0 
£N 
H H 
thanol H 
Ethano "UN i 
H—C/ ^o^ 
/ 
H 
Propan-1-ol H 
H h o 


Propan-2-ol O—H 
WM 
74 
Fi tín 
H 


11.9 Ethanol 


Of all the alcohols the most important is ethanol, C}HĘsOH. Its presence In 
intoxicating beverages is well known: beers and wines contain up to 10% of 
ethanol, whereas spirits such as whisky contain about 40% by volume. Pure 
ethanol (absolute ethanol) is described as ‘200° proof’, so a drink labelled ‘80 
proof’ contains 40% ethanol by volume. However, most of the ethanol manu- 
factured is used industrially as a starting material for other chemicals such as 
ethanoic acid (acetic acid). 

The two most important methods used for the manufacture of ethanol are 


(a) the fermentation of sugar or starch, and (b) the hydration of ethene from 
petroleum. 


(a) Fermentation = 

Fermentation is a chemical action brought about by bacteria or yeasts. Eis 
yeast produces biological catalysts called enzymes. When yeast is added to à dilute 
solution of ordinary table sugar a reaction occurs which proceeds most readily 


V oN 


Classification of Matter IV: Organic Chemistry 275 


at about 38 ^C. The enzyme sucrase, produced by the yeast, catalytically breaks 
down ordinary table sugar (sucrose, C,,H550,) into the simpler sugars glucose 
and fructose. These are isomers having the molecular formula C&H 206- Zymase, 
a second enzyme produced by the yeast, then converts the glucose and fructose 
into ethanol and carbon dioxide. 
C12H2201 100 Haq? CoH 120 60) + CeHi 20 60m 
(fructose) 


(sucrose) (glucose) 


zymase 
CH 206g — 2C,HsO0H aq) +2CO x6) 
(glucose or fructose) (ethanol) 
When the reaction mixture contains about 12% by volume of ethanol the 
activity of the yeast ceases. The ethanol can then be concentrated by fractional 
distillation if required. 


(b) Ethanol from Petroleum 
Large quantities of synthetic ethanol are manufactured from ethene, a gas 
produced by the cracking of petroleum. The ethene is hydrated (a molecule of 
water is added) to produce ethanol: 

H H HH 


/ 


C—C  4H,05 H—C—C—H 


water(l) 
b | on 


ethene(g) ethanol(aq) 


Sulphuric acid assists in the hydration process. 


11.10 Properties of Ethanol 


The principal reactions of ethanol are those of its functional group, the hydroxyl 
group (—OH). Thus in many of its reactions it has similar properties to water 
(H—OH). The following reactions of ethanol can easily be carried out as small- 
scale test-tube experiments. 


(a) Reaction with Sodium 3 
A small piece of freshly cut sodium sinks when dropped into a test tube 


containing ethanol. It reacts immediately, liberating à steady stream of bubbles 
solution of sodium 


of hydrogen, and eventually dissolves leaving a clear 
ethoxide: 
2C,H;0Hy+2Na% > 2C,H,0" Na* +Haie) 


This reaction can be used for the safe disposal of unwanted sodium. 


(b) Reaction with Phosphorus Pentachloride — ' 
When a little solid phosphorus pentachloride is added to ethanol, a ek 
reaction occurs in which hydrogen chloride is liberated together with volatile 


ethyl chloride: 
C,H,OHq) 4 PClso ^ C,H;Cl, + POCl m+ HCl) 
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The product remaining in solution is phosphorus trichloride oxide (phosphorus 
oxychloride). 
(Caution: phosphorus pentachloride should be handled with care and not allowed 
to come into contact with the skin.) 

Its reactions with sodium and with phosphorus pentachloride indicate the 
presence of a hydroxyl group in ethanol. 


(c) Oxidation of Ethanol 

When a little acidified potassium manganate(vi) (potassium permanganate) is 

added to a little ethanol in a test tube, and the mixture is warmed in a water bath, 

the purple colour of the manganate(vm) (permanganate) ion disappears. The 

characteristic pungent smell of ethanoic acid (acetic acid) soon becomes notice- 

able. 

5C;H,OH,--4K * MnOzag - 6H; $02, + 4Mn?*SO2,, -2K1 S025, 
5CH4COOH,, 7-11 H50g 


(d) Esterification 

A little ethanol is mixed with an equal quantity of glacial (concentrated) ethanoic 
(acetic) acid in a clean dry test tube, together with one or two drops of concen- 
trated sulphuric acid to act as a catalyst. On warming and pouring the 
mixture into a large volume of water, the fruity smell of ethyl ethanoate (ethyl 
acetate) can be detected: 

C;H50H, - CH;COOH,, = CH; COOC, Hsm +H,0,, 
ethyl ethanoate 

Ethyl ethanoate (ethyl acetate) is one member of a class of organic compounds 
called esters, all of which have pleasant fruity smells. 

In general the reaction between an alcohol and a carboxylic (—COOH) acid 
produces an ester and water, the process being termed esterification. Thus if 
acetic acid is warmed with a variety of alcohols, different fruity smells can be 
detected characteristic of the particular ester produced. 


Summary of Unit 11 


1. Carbon forms strong covalent bonds with itself and with many other non- 
metals including hydrogen, oxygen, halogens and nitrogen. Carbon-carbon 
covalent bonds can be single (with two shared electrons), double (with four 
shared electrons) or triple (with six shared electrons). The spatial arrangement 
of individual molecules varies according to their structure. 

2. Alkanes are saturated hydrocarbons with general formula C,H;,, ;. They 
belong to a homologous series, the successive members of which differ by 
—CH;-—, have similar chemical properties and a gradation in physical 
properties. The distribution of bonds around each carbon atom is tetrahedral. 

3. Alkanes react in two important ways: 

(a) they burn, producing heat; hence they are often used as fuels, 

(b) the hydrogen atoms can be substituted for other functional groups such a$ 
—OH or —Cl. A functional group is a part of a compound which has à 
characteristic set of properties. 
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4. Petroleum is a complex naturally occurring mixture of hydrocarbons. It is 
refined by fractional distillation, and it can be converted to useful petro- 
chemicals by cracking. 

5. Alkenes are unsaturated hydrocarbons containing a double carbon-carbon 

covalent bond. They belong to a homologous series with general formula 

CHa. 

Alkenes react similarly to alkanes, with the one important difference that they 

can undergo addition reactions across the carbon-carbon double bond. 

An alcohol is derived from an alkane in which a hydrogen atom has been 

replaced by a hydroxyl group. 

8. Ethanol is the most important alcohol and is manufactured either by 
fermentation or by the hydration of ethene. 

9. The reactions of alcohols are dominated by the functional group —OH. 
Thus they react with sodium to form the alkoxide, with phosphorus penta- 
chloride to form the chloride, with oxidizing agents to form the carboxylic 
acid, and with carboxylic acids to form the ester. 

10. Many organic compounds exhibit isomerism. Isomers are compounds which 
have the same molecular formula but different structural formulas. 


> 


n 


Test Yourself on Unit 11 


1. Name the following compounds: 


| | 
(a) H—C—C—C—C—C—H 
A nl 
(b) Jm 
(c) H—C—C—C—Br 


(d) 
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H H 
| 

(6) H—C—C—NH, 
ME 
H H 


2. Which of the following could not be an alkane: 
(a) CsHy2 (b) C4Hio (c) CsHig (d) C;H,4 (e) CoH20 


3. How many different compounds can be produced when one chlorine atom is 
substituted into a molecule of butane (C4H;0)? 
(a) 1 Oe ©3  (d)10 ©4 


4. Write down the names and formulas of the isomers having the molecular 
formula C,H, o. 


5. The following tests were carried out on some unknown organic compounds: 
(a) Compound A was shaken with bromine in tetrachloromethane (carbon 
tetrachloride). There was an immediate decolorization of the red bromine 
solution. 

(b) Compound B was shaken with bromine in tetrachloromethane (carbon 
tetrachloride). There was only a very slow decolorization of the red bromine 
solution, and after a while pungent acid fumes could be detected. 

(c) A small piece of freshly cut sodium was added to the non-acidic compound 
C. A gas was liberated which formed an explosive mixture with air. 

(d) On warming compound D with ethanol and a few drops of concentrated 
sulphuric acid, a pleasant fruity smell could be detected when the mixture 
was poured into water. 

Assign the following formulas to compounds A, B, C and D: 

(i) CH;CH;CH;OH, (ii) CH;CH,CH,CH,CH,CH3;, 
(iii) CH;CH,CH,COOH, (iv) CH;—CHCH;CH,. 


6. A sample of crude oil was heated and its vapour passed over red-hot pumice 
stone. A mixture of gases was evolved, which decolorized bromine in tetrachloro- 
methane (carbon tetrachloride) and burned in air with a yellow flame. 
(a) Is the process taking place when the vapour from the crude oil passes over 
the heated pumice stone: (i) polymerization, (ii) distillation, (iii) cracking, Of 
(iv) refining? 
(b) Is the type of compound causing decolorization of the bromine solution 
most probably: (i) an alkene, (ii) an alkane, (iii) an alcohol, or (iv) an acid? 
(c) Name two compounds which could be formed when the gas mixture burns 
in air. 


3 | 
7. Write down the names of two alcohols having the molecular formula C3H,0. 


Mark this test out of 20 with the answers given on page 380. 


vo 


Unit Twelve 


Classification of Matter V: Large 
Molecules Containing Carbon 


Thermoplastic Thermosetting 


MACROMOLECULES 


Natural rubber 


CARBOHYDRATES 


Unit 11 introduced the chemistry of the compounds of carbon. The majority of 
compounds studied contained a relatively small number of carbon atoms, but 
Itiple bonds was pointed out. This Unit looks at the 


carbon’s ability to form mu 
various types of compound containing many carbon- carbon bonds, some man- 


made and others naturally occurring. ; 

One of the two major areas of study in this Unit deals with synthetic 
macromolecules, often referred to as plastics. The term ‘plastics’ is in common 
use to describe a variety of materials, including polythene, nylon and Perspex, 
| which at some stage during their processing become mobile or plastic. The other 
area briefly covers naturally occurring macromolecules such as starch and 
proteins. Many, but not all, of these compounds are polymers. 


12.1 What are Polymers? 


A polymer is a large molecule built up from many hundreds or thousands of 


monomer units joined together. Thus the well-known plastic poly(ethene) or 
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polythene is composed of large molecules formed by the repeated combination 
of ethene molecules: 
HHH H 


H H 
ET T | | | | / (2 monomer units 


- BCCO 


1 combined) 
[ 4 N 


H Hi H 
4 
H HIH HIH H 


cap el 


(ethene monomer) 


H H!H H! 
| | 
| 
| 
| 


1 


—C—C+C—C+C—C+-C—C+C—-C trimers 
DIT 1 il. 
H HIH HIH HiH H 
* E 
repeating 
unit 
C;H, 


Polymers are classified as either addition polymers or condensation polymers, 
depending on their method of formation. 


12.2 Addition Polymers 


Poly(ethene), described above, is an example of an ‘addition’ polymer: the 
formula for the repeating unit (in this case C; H4) is the same as that of the starting 
monomer (in this case ethene). This is true for all addition polymers, the only 


difference being the nature of the repeating unit. Thus the repeating unit in 
poly(chloroethene) or polyvinyl chloride (PVC) is C,H;Cl. 


H H HH H H 
/ 


C=C 


Ub a 
^ ADR H Cl b? 


monomer) (2 monomer units combined) 


i 
H H!H H!H H!H H! 
payer I 
—6—6cl6-—64.6-6-4c-c4- 
| | | | 
da he i Pa x) 
H CH CB CH Cli 


poly(chloroethene) 


Examples of other addition polymers are given in Table 12:1: 


Addition polymers are thus named because of the addition reaction which 
occurs across the carbon-carbon double bond when monomer units combine. 
The monomer units shown in Table 12.1 are all unsaturated compounds derived 


^^ 
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from ethene. Experiments 12.1 and 12.2 describe the preparation of two of these 


polymers. 
Table 12.1 Nomenclature of polymers 


Common name International name Formula of monomer unit 


Polytetrafluoro- poly(tetrafluoro- E 
ethylene(PTFE) ethene) 


Polystyrene poly(phenylethene) H o 
C=C 


C,H5 H 

(Note: CgH;— is the 
phenyl group derived 
from benzene, C6H6) 


Perspex poly(methyl H CH; 
(polymethyl 2-methylpropen- PA 
methacrylate) oate) 


Polypropylene poly(propene) CH; Wi 


Experiment 12.1 Preparation of poly( methyl 2-methylpropenoate oe Perspex 
A little methyl 2-methylpropenoate (methyl methacrylate) is poured into a test 
| tube and maintained at approximately 60 °C in a water bath. About 1 25 
dodecanoyl peroxide (lauroyl peroxide) is added to catalyse the polymerization, 
and the mixture is shaken to dissolve the catalyst. After approximately one hour 
the liquid monomer polymerizes into solid transparent Perspex: 
EM CH; H CH; i nt 
| 
| pal + cal eel 

CH, H COOCH 
COOCH; H PEE. Perspex in 


methyl 2-methylpropenoate 
Perspex can be depolymerized by heating, see Fig. 12.1. At about 300°C the 
on to the monomer. The 


polymer softens and undergoes rapid depolymerizati 
clear liquid collected in the water-cooled tube contains the monomer. 
ment should be 


Caution: the monomer vapour is harmful and the exper! 


performed in a fume chamber. 
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Perspex polymer „Clamp 


Cold 
woter 


Perspex monomer 
(methyl 2-methylpropenoote) 


Fig. 12.1 Depolymerization of Perspex: the solid polymer is broken down 
into its liquid constituent monomer 


Experiment 12.12 Preparation of poly(phenylethene), polystyrene 

This polymer is prepared by adding about 1% of dodecanoyl peroxide (lauroyl 
peroxide) to a little phenylethene (styrene) monomer in a test tube and warming 
to 100°C in a boiling-water bath. Polymerization of the clear liquid phenylethene 
monomer into colourless solid poly(phenylethene), commonly known as poly- 
styrene, occurs within one hour: 


H H H H H H 
S 4 | | | | 
frm N | | | | 
CH, H CH, H CH, Hj], 
phenylethene poly(phenylethene) 


12.3 Condensation Polymers 


In the chemistry of carbon there are many reactions where the combination of two 
or more substances is accompanied by the elimination of a small, simple molecule 
such as water, hydrogen chloride, ammonia or methanol. Such a reaction is often 
called a condensation reaction. We have already seen a typical example in Unit 11 
when discussing esterification, the reaction between an organic carboxylic acid 
such as ethanoic (acetic) acid and an alcohol such as ethanol: 


Y 5 


o o 
Í A 
OHC oasi., O—CyHs + CHSC 4 HO 


“ow Hi 0—C,H; 
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The product here is ethyl ethanoate (ethyl acetate) and the simple substance that 
is eliminated is water. In general this type of reaction can be written as 

[9] 
d | 

Ca eee ver Qs 4: HZ20 
“OH H: 
where ... represents some form of carbon-chain backbone. 
Another example of a condensation reaction is 


e—N e Qe —N—6-—- + HCl 


where the eliminated small molecule is hydrogen chloride. 

Each of the carbon-chain backbones in the above examples is attached to only 
one functional group (—COOH, —OH, —NH; etc.). But if each carbon-chain 
backbone has two functional groups attached to it, a condensation reaction can 
occur involving polymerization. For example: 


9 o o o 
EN 
HO; ‘OH HS SH HOM OH Hë 
4 
o o o o 
II I I I 
o- CG tt C20 -o9EG E2079 -0— 


Whenever condensation occurs together with polymerization, the polymer 
produced is called a condensation polymer. 


Nylon is a condensation polymer produced by the reaction between a diamine 


H H 
b m d and a dibasic organic carboxylic acid (i.e. having two 
H H o. ys 
COOH groups per molecule) Socr recs For example: 
HO OH 

H pa" Da BC FOU E Dp. 

Neste Nt mo NS NG een A um 
H "cH HOS Now HÍ H HO: ‘0H 

"revu tn t "eje 
H H O QUE H O [9] 
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H H 
If — .—N( is H,N-CH,,—NH,, 1,6-diaminohexane, and 
H H 


(0) o (0) o 
pon E" Scii , hexanedioic acid 
HO OH HO OH 
(adipic acid), the condensation polymer is nylon 6.6 (six carbon atoms in each 
monomer). 


Terylene (or Dacron) is a condensation polymer formed from a diester 


b m 
H,CO OCH, and a diol HO—---—OH. Thus 


o o 
EN E 
poe +HO—---—OH+ od 4-HO—--.—0H4 


H,COo^ OCH, H,CO~ OCH, 


4 
(0) [e] [9] o 
DRM GS ee og --nCH,0H 
rd d x 


Q. O 
: : x, "4 : 
For Terylene the diester is C—C,H,—G (dimethyl ester 
H4CO ‘OCH; 


of benzene-1,4-dicarboxylic acid, or dimethyl terephthalate) and the diol is 
HO—CH,CH,—OH (ethane-1,2-diol, or ethylene glycol). 


Experiment 12.3 Preparation of nylon 6.10 (‘the nylon rope trick’) 

50cm? of a 2% (by volume) solution of decanedioyl dichloride (sebacoyl 
chloride) in tetrachloromethane (carbon tetrachloride) is measured into a 
100 cm? tall-form beaker. 25 cm? of an aqueous solution containing 22g of 
1,6-diaminohexane is added carefully to the beaker so that the aqueous solution 
floats on top of the tetrachloromethane solution, without mixing. A thread of 
nylon is drawn from the interface between the two liquids, using a pair of forceps, 
and wound around a thick glass rod (see Fig. 12.2). 


H QO 10) 
M ^ BS di 
DN-(HjCN. + 7C-(CH3.C. 
i H CI CI 
(1,6-diaminohexane containing (decanedioy! dichloride containing 
6 carbon atoms) 10 carbon atoms) 
l 
H H O (0) 


| P I 
N—(CH3), —N—C-—(CH,),—C.---nHCl 


(nylon 6.10) 
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Rope of nylon 
— Gloss rod 


Aqueous solution of 
1,6- diaminohexone 


Polymer film » 
forming at interface 


ae : Decanedioy! chloride in 
tetrachloromethane 


Fig. 12.2 A simple method of preparing nylon 6.10 


If the thread is not easily withdrawn from the interface the beaker may be 
warmed gently in a water bath, taking care that the solutions do not mix. 


12.4 Characteristics of Synthetic Polymers 


(a) Thermoplastic Polymers 

A thermoplastic polymer is one which softens on heating and becomes rigid again 
on cooling. This is because there are only weak attractive forces between the long 
polymer molecules and these are readily disrupted on heating. Most addition 
polymers and some condensation polymers are thermoplastic. Examples include 
nylon, polythene and polystyrene. 


(b) Thermosetting Polymers 

A thermosetting polymer is one which becomes hard on heating. It cannot be 
softened by heat. Polymers of this type are often prepared in two stages. The first 
stage is the production of long-chain molecules which are capable of further 
reaction with each other. These intermediate polymers usually flow and can be 
placed into moulds. Colouring is often added at this stage. The second stage is 
the application of heat which causes a reaction to occur between the chains, thus 
producing a complex-network polymer. Fig. 12.3 illustrates these two stages in 
the production of a thermosetting plastic polymer. 


12.5 Uses of Synthetic Polymers 
as first made in 1933 by Fawcett and Gibson of 
Imperial Chemical Industries. Low-density polythene is used in packaging, 
housewares such as buckets and bottles, carpet backing, cable insulation and 
many other applications. High-density polythene has greater rigidity and is 
therefore used in the manufacture of piping, dustbins, crates, etc., where 
mechanical strength is essential. 


(a) Polythene, poly(ethene), w 
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First stage 


CH20H CH20H CH20H 
Long-chain molecules capable of further reaction 


Second stage 


Fig. 12.3 Complex network structure of a thermosetting polymer 


(b) PVC or polyvinyl chloride, poly(chloroethene), is widely used in imitation 
leathers, floor coverings, corrugated roofing material, gramophone records, 
etc. 


(c) Polystyrene, poly(phenylethene), is used in moulded objects such as 
disposable drinking cups, radio and television cabinets, brush handles and 
switches. 


(d) PTFE or Teflon, poly(tetrafluoroethene), is familiar because of its use as an 
anti-adhesive (‘non-stick’) coating, particularly for cooking utensils. Because of 
its low chemical reactivity, allied with its excellent toughness, electrical and heat 
resistance, it is used as insulation for electrical items and in the manufacture of 
gaskets and valves. 


(e) Perspex, poly(methyl 2-methylpropenoate), is a transparent glass-like 
plastic which, because of its good optical characteristics, is used in lenses. Other 
uses include dentures and car rear-light mouldings. 


(f) Nylon is well known as a synthetic fibre in carpets, fabrics, rope, stockings 
and other clothing. Because of its mechanical strength, nylon is also used in 
moulded machine parts such as gears and bearings. 


12.6 Natural and Synthetic Rubbers 


(a) Natural Rubber 


With the expansion of the motor-car industry the demand for rubber has 
increased enormously. Chemists found that natural rubber is a hydrocarbon 
polymer built up from the monomer unit methylbuta-1,3-diene (isoprene): 


xX 
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H CH HH CH, H 


H H 


monomer 
(methylbuta-1,3-diene) 


‘Raw’ rubber obtained from latex tapped from the rubber tree, particularly 
Hevea brasiliensis, does not possess the characteristics of the rubber with which 
we are familiar. In order to give it strength and elasticity it has to be vulcanized. 
In the vulcanization process, raw rubber is mixed with small amounts of sulphur 
and heated. The sulphur reacts with the polymer molecules forming a cross- 
linked network: 

—X—X—X—X—X—X— 
| | 
S S 
| 


| 
—X—X—X—X—X—X— 
where X represents a monomer unit. This cross linking gives mechanical strength 
to the rubber. In addition, ‘fillers’ such as carbon black and zinc oxide are usually 
added to the crude rubber before vulcanization in order to improve its wearing 
characteristics. 


(b) Synthetic Rubbers 

(i) Neoprene, poly(2-chlorobuta- 
rubbers manufactured on a large scale. 
1,3-diene (chloroprene), is made from ethyne which itself is produced 
coal and limestone. 


1,3-diene), was one of the first synthetic 
The monomer unit, 2-chlorobuta- 
easily from 


H cl H H 
Nudes 
C=C—C=C 

s D 
H 2-chlorobuta-1,3-diene 

l 

H COHHHCIHH 
ea eaa e 


H 


—C—C-—C—C 
| | | 
H H H HU 
poly(2-chlorobuta-1,3-diene) 
This polymer is particularly resistant to chemical action and is therefore used 
in making hoses for petrol and oil and containers for corrosive chemicals. 
(i) Styrene-butadiene rubber and butyl rubber are manufactured from the 


C, and C, hydrocarbons from petroleum. 
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Styrene-butadiene rubber is made by copolymerizing the two monomer units 
phenylethene (styrene) and buta-1,3-diene: 


H H 
A 
cc + CC OC? 
Ee x. 7 
CH, H H 
phenylethene l buta-1,3-diene 


Fer q^ d 
4— a ee S 


C.H; n 


H H 
| | 


H 
/ 
H 


copolymer structure (hydrogen atoms omitted) 


Butyl rubber is made from 2-methylpropene (isobutylene) monomer poly- 
merized with a little methylbuta-1,3-diene (isoprene): 


2-methylpropene 4 methylbuta-1,3-diene 


H CH, H CH, H H 
Wa MEM 
-E= CECE 
aea | 
H CH, H H 


butyl rubber a 


12.7 Naturally Occurring Large Molecules 


The basic unit of all living matter is the ce//. Each cell is itself built up from à 
variety of materials, many of which are large polymeric molecules. Included 
among these naturally occurring large molecules are carbohydrates, proteins and 
nucleic acids. 

The chief function of carbohydrates is that of a fuel. An organism provides 
itself with energy when the carbohydrate is broken down into carbon dioxide and 
water. Simple carbohydrates can also be used as a starting material for the 
biological synthesis within the body of more complex carbohydrates such as 
glycogen, the storage form of carbohydrate in animals. 

Proteins are used mainly for the construction of tissue; they occur in muscle, 
skin, nerves, brain and blood. Nucleic acids are responsible for synthesizing 
protein and for transmitting hereditary characteristics. Also present in living 
cells are substances called nucleoproteins: compounds whose molecules are part 


protein and part nucleic acid. 
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12.8 Carbohydrates 


A carbohydrate is a compound of carbon, hydrogen and oxygen, where, as the 
name suggests, the hydrogen and oxygen are present in the same ratio (2:1) as in 
water. Glucose (C&H, ,O;), sucrose (C, ;H520,1) and other sugars are common 
examples of carbohydrates. 

Just as glycogen is the storage form of carbohydrates in animals, starch is the 
storage form of carbohydrates in plants. Under the influence of the sun's energy 
and certain biological catalysts, carbon dioxide taken in through a plant's leaves 
combines with water to form simple carbohydrates. The process is called 
photosynthesis. Further biochemical processes combine these simple carbo- 
hydrates into starch, which is then stored by the plant in its roots, tubers, seeds 
and fruits. 

Starch is a complex polymer and its molecule is composed of thousands of 
glucose monomer units. If glucose CoHy20¢ is written HO—(C&H,604)—0H, 
its polymerization to starch can be represented by the following condensation 
reaction: 


n HO—(C4H,,04)—OH 
i 


i 
(CH, 004) O {CoH 1004) -O CH1 004) —0— +n H,O 


In the complex biochemical process known as digestion starch is broken down 
to glucose in a hydrolysis reaction. This is effectively a depolymerization 


reaction in which the addition of water breaks the polymer into monomer units. 
This reaction may be regarded as the reverse of the condensation reaction shown 
above. The following experiment illustrates two methods of breaking the poly- 


meric molecule starch into the monomer glucose. 


Experiment 12.4 Breakdown of starch 
In this experiment starch is hydrolysed in two different wa: 
hydrolysis are identified using paper chromatography. 

(i) Hydrolysis of starch using saliva ES 
About 1 g of starch is made into a paste and this mixture is stirred into a beaker 
containing about 100 cm? of hot water. The solution is allowed to cool to about 
38°C and 10 cm? of it is measured into a small beaker together with a little saliva. 
(The enzymes in saliva are most effective at à body temperature of approximately 
38°C.) 

ii) Hydrolysis of starch using 2M hydrochloric acid 

A a 10 om? pee starch solution is measured into a small beaker and a few 
drops of 2 M hydrochloric acid are added. The solution is boiled. 

The solutions from parts (i) and (ii) of the experiment are tested at regular 


ys and the products of 
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intervals to ensure that hydrolysis is complete. This is carried out by removing a 
drop from each solution with a clean glass rod and trarfsferring it to a white 
spotting tile. A drop of a solution of iodine dissolved in potassium iodide is 
added and the colour noted. Since starch produces a deep-blue colour with 
iodine in potassium iodide, the absence of this deep-blue colour indicates that 
the reaction is complete and no starch remains. At this stage the solution 
from experiment (ii) is neutralized with a few drops of sodium hydroxide. 

(iii) Identification of the products of hydrolysis using paper chromatography 
Paper chromatography as a separating technique has been described in 
Section 1.7. In this experiment the separation is carried out on a strip of filter 
paper supported in a gas jar (see Fig. 12.4). 


Glass plate _ Glass ates 


ufi 


rims c cM 


Filter poper 
held by the gloss 
Gos plotes 
Filter jor 
paper 


Solvent 
Glucose| rising 
solution | up the 


paper 


Hydrolysate 
from (i) 


Starting 


line Hydrolysate (Maltose 
from (ii) ^ Solution 


(a) 


Fig. 12.4 Separation of starch hydrolysates by paper chromatography: (a) 
initial preparation of the paper ; (b) solvent rising up the paper and carrying 
the samples with it 


The solvent, a mixture of 1 volume water, 1 volume glacial ethanoic acid 
(acetic acid), and 3 volumes of propan-2-ol, is poured into a large gas jar and 
the glass plates placed over the top. This enables the vapour from the solvent 
to saturate the atmosphere in the gas jar. 

A rectangle of filter paper is marked out as shown in Fig. 12.4a with spots of 
hydrolysates from parts (i) and (ii) of the experiment, together with spots of 
glucose and maltose solutions. 

In order to concentrate the sugar in the hydrolysed solutions (i) and (ii), 
successive spots are applied and the paper is dried between each application. The 


e 
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paper is then s 
in Fig. 12.4b. 
removed and dried. 


At this stage no spots are visible on 
sugar spots the paper is sprayed with 
acetone), 2% 
d in the ratio 
ric fire, coloured spots 


the location of the sugars. See Fig. 12.4c. 


(aniline) in propanone ( 
and 85% phosphoric aci 
warmed in front of an elect 


Conclusion. From the chromatogram 
maltose, and solution (ii) contains 
maltose, and hydrochloric acid hydro 


Green Brown 
[B 
steel 
+ Steel blue 
blue 


Fig. 12.4c 


This is because saliva contains the 
lysing starch to maltose, 
acid, however, breaks dow 
units, glucose. 


Whereas starch is the form i 
(another polymeric carbohydrate 
in cell walls. Human beings can di 
biological catalysts (enzymes) 
cows), however, are able to u 
necessary to break it down 
cluding glucose. 


tilize 


upported in the gas jar so that it just 
After leaving the chromatogram t 
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[———— 


The chromatogra 


a sugar con 
n the starch comp 


n which pla c 
)is the structural material o 


to break d 


by hydrolysis into simpler carb 
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dips into the solvent, as shown 
o run overnight the paper is 


r. To locate the position of the 
a mixture containing 2% phenylamine 
diphenylamine in propanone (acetone) 
by volume of 5:5:1. When the paper is 
develop and these indicate 


the pape! 


ution (i) contains 


can be seen that sol 
h to 


ose. Thus saliva hydrolyses stare 
lyses starch to glucose. 


it 


|. — Position reached by solvent 
(solvent front’) 


— HÓÓ—áÓÓ 07À line 


(c) 


m after development 


enzyme amylase which is capable of hydro- 
cose units. Hydrochloric 


taining two glu 
letely into the simple monomer 


nts store carbohydrates, cellulose 
f plants and is found 
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12.9 Amino-acids 


All simple amino-acids contain a primary amino group (—NH 2) and a carboxylic 


acid group (—COOH) attached to a carbon skeleton: 
H 


amino group | acid group 
H,N—C—COOH 


| 


R 
carbon 
skeleton 


Some examples of these are shown in Fig. 12.5. 


Aspartic acid 
(aminobutanedioic 
acid) 


Valine 
(2-amino-3- 
methylbutanoic acid) 


Alanine 
(2-aminopropanoic 
acid) 


Glycine 
(aminoethanoic 
acid) 


H 


H 


| | 
: HeN— €— COOH HaN- C—C00H, 
CH3 CH 
os 
CH CH3 


Glutamic acid 
2 -aminopentanedioic. 
acid) 


Fig. 12.5 Structures of simple amino-acids 


One of the most important reactions of this class of substances is the condensa- 


tion of two amino-acid molecules with the elimination of water: 


H H H 
i um 
H,N—C—C, „++. ,N—C—COOH 
| “OH Hi | 
R EGES R 
ļ 
H eon = 


/ 
H,N—C—C——-N—C—COOH +H,0 
| | 
R R 
o H 


| 
The resulting —C—N— linkage is called a peptide linkage and the compound 
formed from two amino-acids is a dipeptide. Since the dipeptide still contains 
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reactive carboxylic and amino groups, it can react with further amino-acids to 
form a polymer with many peptide linkages, called a polypeptide. Such 
polymers form the basis of the vital naturally occurring macromolecules which 
we know as proteins. 


12.10 Proteins 


Proteins are polymers consisting largely (or entirely) of chains of amino-acids 
united by peptide linkages. The constituent amino-acids can be obtained from the 
protein by hydrolysis. 

Individual amino-acids may be considered analogous to the monomer unit in 
carbohydrates (e.g. the monomer unit glucose in the polymer starch) with one 
important difference. In carbohydrates the monomer unit is continually repeated, 
but in proteins there may be 20 or more individual amino-acids present in 
characteristic proportions and linked in a specific sequence. Thus part of the 
amino-acid sequence in beef insulin has been characterized as: 


Tyrosine 
Aspartic 
acid 
Glutamic 
acid 
Leucine 


All these amino-acids are joined by peptide linkages. 

Because there are so many possible permutations of the ways in which the 
various amino-acids may combine, the number of possible proteins is enormous. 
In fact there are tens of thousands, perhaps as many as 100 000, different kinds of 
proteins in the human body. Hydrolysis of a protein by acid or alkali or enzymes 
results in the breakdown of the amino-acid chain and the liberation of the free 
amino-acids. These amino-acids may be identified by paper chromatography, 
but the determination of the sequence of amino-acids in the chain is extremely 
complex. Chemical research on proteins is at present seeking to solve this 
problem and also the way in which the polypeptide chain of amino-acids is coiled 
and twisted in space. 


Proteins and Food 
Proteins are probably the most important compounds in plants and animals. 
Plants can synthesize proteins from carbon dioxide, water and inorganic nitrogen 
compounds, but animals are unable to do this and must rely on eating plants or 
other animals to obtain their protein (see Unit 6: the nitrogen cycle). Structural 
proteins are found in body tissue (skin, muscle, etc.) and cellular membranes. 
Enzymes and some hormones (regulators of body reactions) contain a large pro- 
portion of protein. Haemoglobin, a protein which is found in red blood cells, has 
already been referred to in its function as an oxygen carrier and in carbon 


monoxide poisoning. 


b 


294 Success in Chemistry 


Proteins are indispensable to life. People or animals will sicken and die 
unless their food contains protein. This may be obtained from protein-rich 
foods such as meat, eggs and milk, but in overcrowded areas of the world 
these sources of protein are not readily available. Research is going on to 
find new sources of protein, such as soya beans and coconuts, and the use of 
yeasts to convert carbohydrates into proteins is being explored. In addition, 
improvements in livestock and plant production are being developed to help 
meet world protein shortages. It is becoming clear that indiscriminate con- 
sumption of protein is wasteful, and one of the greatest needs is education in 
nutrition science. 


Summary of Unit 12 


1. A polymer is a large molecule (a macromolecule) built up from many 
hundreds or thousands of monomer units joined together. 

2. Addition polymers are those in which the molecular formula of the recurring 
unit is the same as that of the monomer, e.g. poly(ethene) commonly called 
polythene. 

3. Condensation polymers are formed from monomers with the elimination of a 

small molecule such as water, e.g. nylon and Terylene. 

. A thermoplastic polymer is one which softens on heating and becomes rigid 

again on cooling. 

5. A thermosetting polymer is one which becomes hard on heating. 

6. Natural rubber is a hydrocarbon polymer obtained from the monomer 
methylbuta-1, 3-diene (isoprene). 

7. Vulcanization is the name given to the strengthening process which occurs 
when natural rubber is heated with sulphur. 

8. Synthetic rubbers are obtained by the polymerization of dienes, with or 
without the addition of a copolymer. 

9. Naturally occurring large molecules include proteins and certain carbo- 
hydrates. 

10. A carbohydrate is a compound containing carbon, hydrogen and oxygen only, 
with the hydrogen and oxygen present in the same ratio as in water. 

11. Cellulose, the main structural material in plants, is a polymeric carbohydrate. 

12. Starch, the principal energy store in plants, is another polymeric carbo- 
hydrate. 

13. Starch can be hydrolysed by (a) saliva, to maltose, a carbohydrate 
consisting of two monomer units, and (b) acid, such as hydrochloric acid, to 
the monomer glucose. 

14. Simple amino-acids contain a primary amino group (—NH;) and à 
carboxylic acid group (—COOH) attached to a carbon skeleton. 

© H 


> 


15. A peptide linkage aoe is formed during a condensation reaction be- 
tween two amino-acids. 

16. A dipeptide is the name given to compounds formed from two amino-acids 
during the condensation reaction to produce a single peptide linkage. 
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17. A polypeptide contains many peptide linkages. 
18. Proteins are vital naturally occurring macromolecules containing hundreds 
or thousands of amino-acids joined together by peptide linkages. 


Test Yourself on Unit 12 


1. From the following list: butane, buta-1 ,3-diene, ethanol, maltose, poly(ethene), 
starch, nylon, glucose, alanine (2-aminopropanoic acid), select the names of 

(a) a natural polymer (b) a synthetic polymer 

(c) a condensation polymer (d) an addition polymer 

(e) a monomer which polymerizes to give a rubber 

(f) the product obtained when starch is hydrolysed by acid 

(g) a carbohydrate containing two monomer units combined 

(h) an amino-acid. 


2. Poly(tetrafluoroethene) can be made by polymerizing tetrafluoroethene 
(tetrafluoroethylene). 
(a) Is this an addition or condensation polymerization? 
(b) Which will have the highest relative molecular mass, tetrafluoroethene or 
poly(tetrafluoroethene)? : 
(c) Draw a short section showing three repeating monomer units in the 


polymer. 
(d) Name one other polymer which has à similar structure to poly(tetra- 
fluoroethene). 


(e) Give one use of poly(tetrafluoroethene). 


3. Saliva will hydrolyse starch. 
(a) What is meant by the term hydrolysis? 
(b) What is the major product in this hydrolysis of starch? d 
(c) What substance present in saliva is responsible for this hydrolysis? 


4. The following table is incorrect: 


Column A Column B 


Polymer 
Terylene hydrocarbon natural 
Cellulose protein natural 
Poly(phenylethene) carbohydrate synthetic 


Insulin 


(polystyrene) 


(a) Rearrange the terms in Column A and in Column B so that the appropriate 


descriptions fit the given polymers. 
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(b) For each polymer state whether it is formed by a condensation or 
addition process. 

(c) Which of the above polymers contains peptide linkages? 

(d) Which of the above polymers has more than two different monomer units? 


Mark this test out of 30 with the answers provided on page 381. 


Unit Thirteen 


Classification of Matter VI: Radioactive 
Elements 


Disintegration series 


Beta 
radiation 


Alpha Gamma 
radiation radiation 


RADIOACTIVITY 


Half-life Nuclear Applications 
reactions 


In the last five Units we have been particularly concerned with the chemical 
tivity is related to the electron 


reactivity of elements and compounds. This react 
structure of the elements, and a knowledge of the electronic structure enables the 


chemical properties to be predicted with a reasonable degree of accuracy. 


However, certain elements undergo spontaneous changes in their nuclei, 


resulting in the formation of new elements and the emission of high-energy 
radiation. This is the phenomenon, known as radioactivity, which concerns us 
here in Unit 13. 


13.1 Radioactivity is Discovered 

The discovery of radioactivity in 1896 by the French physicist Henri 
Becquerel proved to be one of the most important steps in the elucidation of the 
structure of matter. Becquerel found that certain uranium salts affected a 
wrapped photographic film causing it to darken directly beneath the uranium salt 
sample. He deduced that uranium salts spontaneously € itted ‘rays’ of some kind 


without any external help. These rays caused the ‘fogging’ of the photographic 

film, and elements which liberated such rays were said to be radioactive. à 

Becquerel repeated the experiment with pitchblende, an ore containing oxides 
hic film was even more affected than 


of uranium, and found that the photograp 


| 4 
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with pure uranium salts. Marie Curie and her husband Pierre attempted to isolate 
from pitchblende the element causing this intense radiation. In 1898 the Curies 
isolated polonium, a radioactive element named after Marie Curie’s native 
Poland. Four years later they also isolated the intensely radioactive element 
radium. 


13.2 The Nature of Radioactivity 


By 1899 Rutherford had demonstrated that the radiation which caused the 
‘fogging’ of a photographic film consisted of two types: alpha (x) rays and 
beta (B) rays. Soon afterwards Villard discovered a third type, which was 
called gamma (y) radiation. All three types of radiation are the result of the 
disintegration of the nuclei of radioactive atoms. 


Alpha radiation consists of a flow of positively charged particles, each of which 
is identical with the nucleus of a helium atom, ie. two protons and two 
neutrons but no electrons. If it can gain two orbital electrons an alpha particle 
becomes a normal atom of helium. Because of their relatively large mass (four 
times as great as a proton), alpha particles are easily absorbed by matter: typical 
penetrations are 4 cm in air and 0-002 cm in aluminium. 


Beta radiation consists of a flow of negatively charged particles which are 
identical with electrons. Electrons do not normally exist in the nucleus of an atom, 
and these beta particles are produced in (and immediately expelled from) the 
nucleus when a neutron changes into a proton: 


neutron — proton + f particle (electron) 
(mass 1, (mass 1, (mass negligible, 
charge 0) charge+1) charge— 1) 


Beta particles have greater penetrating power than alpha particles. Their 
penetration varies, however, because they are emitted with a whole spectrum of 
energies. 


Gamma radiation is unlike alpha and beta radiation in that it is not a flow of 
particles. In fact it belongs to the same family of electromagnetic radiations as 
visible light, X-rays and radio waves. It travels with the speed of light and only 
differs from the other electromagnetic radiations in its very short wavelength 
and very high frequency. 

Note that alpha particles, relatively large and positively charged, are stopped 
by thin aluminium foil whereas beta particles, smaller and negatively charged, 
need aluminium sheet to absorb them. Gamma rays are far more penetrating than 
the other types of radiation, and substances which emit gamma rays need to be 
protected by several centimetres of lead. Both alpha and beta particles are 
deflected by electrostatic or magnetic fields (see Fig. 13.1). On the other hand 
gamma radiation, because it has no charge, is unaffected by either electrostatic 
or magnetic fields. 
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Gamma ray 


Alpha ray 


+ Positive plate 


of 


a * 


Negative plate S = 


Lead container 


Radium 


Fig. 13.1 Emission of alpha, beta and gamma radiation from radium: a 
strong electrostatic field deflects the alpha and beta rays, but not the gamma 
rays; a strong magnetic field also causes deflection of alpha and beta rays 


13.3 Detection of Radioactivity 


The radiation from radioactive elements and compounds produces certain effects 
on matter which can be used for their detection. Thus alpha and beta radiation 
in particular causes ionization of gases and this is used in both the gold-leaf 


electroscope and the Geiger-Müller tube. 


(a) The Gold-leaf Electroscope j ; 
A gold-leaf electroscope consists of à metal rod to which is attached a delicate 
strip of gold leaf. The metal rod is insulated from the case (see Fig. 13.2). — 
When the electroscope is charged, by placing a charged object (c.g. an ebonite 
rod that has been rubbed with fur) either near to or in contact with its metal cap, 
the leaf rises away from the metal rod, as shown in Fig. 13.2, and remains in this 
position until the charge is removed. ete mé 
If a radioactive material is placed near the electroscope, the radiation ionizes 
the air around the gold leaf so that it is no longer a good insulator. The charge on 
the gold leaf leaks away through the ionized air, and the leaf collapses. To 
detect alpha rays the source must be introduced into the electroscope chamber; 
beta rays can be detected if the electroscope is provided with a thin 
through which the beta rays can enter. Gamma rays cause little ionization. 


p" 
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Metal disc 


Metal rod 


Insulation 


Gold 
leaf 


Fig. 13.2 Section through a gold-leaf electroscope: an electrical charge 
placed on the metal disc causes the gold leaf to rise 


(b) The Geiger-Müller Tube 

This detector consists of a fine tungsten wire (the anode) centrally aligned inside 
a metal tube (the cathode). The tube is filled with argon gas at reduced pressure. 
A high voltage (about 1000 V) is maintained between the central wire and the 


tube. As this voltage is just insufficient to ionize the argon gas, no current flows 
(see Fig. 13.3). 


Thin 
window 
Fig 13.3 Section through a Geiger-Müller tube : charged particles entering 
the thin window result in an electrical pulse passing between anode and 
cathode ; pulses are counted by a circuit connected to the base of the tube 


If an alpha or beta particle enters the tube, ionization of the argon gas occurs 
and a small pulse of current flows between anode and cathode. This pulse can be 
amplified and recorded. As each particle produces an avalanche of ions and hence 
a pulse of current, the number of particles entering the tube can be determined. 


This type of detector is used for alpha and beta particles but is of little use for 
gamma radiation. 


(c) Scintillation Counters ‘sibl 
When radiation reacts with certain luminescent substances, a flash of visible 
light or scintillation is produced. These scintillations can be detected on an 
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extremely sensitive photocell called a photomultiplier. For the detection of 
gamma radiation a single large crystal of sodium iodide containing a trace of 
thallium(1) iodide is used as the luminescent material, whereas for alpha 
particles zinc sulphide is used. The crystals give off visible light when acted 
upon by the radiation. 


13.4 The Effect of Particle Emission on a Radioactive Element 


(a) Alpha Emission 
An alpha particle consists, as we have seen, of two protons combined with two 
neutrons. When a radioactive atom emits an alpha particle its nucleus plainly 
loses two protons and two neutrons. As a result, the atomic number (i.e. the 
number of protons in the nucleus) decreases by 2 and the mass number (i.e. the 
sum total of protons and neutrons) decreases by 4. Thus, for example, when 
uranium (atomic number 92, mass number 238) emits an alpha particle its atomic 
number drops to 90 and its mass number drops to 234. The element whose atomic 
number is 90 is in fact thorium, so the emission of an alpha particle is accompanied 
by a transmutation from uranium to thorium. 

In order to simplify the writing down of nuclear reactions the mass number and 
atomic number of each reacting atom are shown above and below the chemical 


symbol as follows: 


mass number CHEMICAL SYMBOL 
atomic number 
$He since it is the same as à helium nucleus. 


and an alpha particle is written as a helt e 
the transmutation of uranium into thorium 


Using this convention we can write 
(see above) as 
4 
238U > 234Th+ He 
Note that the sum of the mass numbers is the same on each side of the arrow, as 
is the sum of the atomic numbers. 


(b) Beta Emission 
Thorium ?34Th emits a beta particle to form a new element of 


and atomic number 91. This is protactinium 3{Pa. 
234 0, 
234Th — "s; Pa-t-i* 


beta particle 
(electron) 


mass number 234 


thorium 


The loss of a beta particle results from the conversion of a neutron into a proton 
Y ed while the atomic 


and an electron. Thus the mass number remains unchang 
number (number of protons) increases by 1 unit. 


(c) Gamma Emission 3 
When a nucleus has ejected either an alpha particle or a beta p onan 
excess energy which it loses in part by emitting gamma radiation. There 1$ 


consequent change in the mass number or the atomic number. 


ta particle it has an 


302 Success in Chemistry 


E 
3 
= 
S 
o 
a 
2 
o 
E 
* 
c 
2 
5 
o 
È 
i6 - —À 
[9] 1x140 2xl40 3xl40 4xl40 5xl4O0 


Time (days) 


Fig. 13.4 Radioactive decay of polonium-210 : in 140 days half the atoms 

in the sample disintegrate ; in a further 140 days half the remaining atoms 

disintegrate. The rate of decay is conveniently expressed by the ‘half-life’ 
period, which in this case is 140 days 


Mass number 


Atomic number 


Fig. 13.5 The uranium disintegration series: the final product is a stable 
isotope of lead 


= 
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Thus all atoms of radioactive elements spontaneously emit alpha or beta 
particles, and these particles are often accompanied by gamma rays. Whenever 
an alpha or beta particle is emitted, a new element is formed with quite different 
physical and chemical properties from the original element. These radioactive 
changes continue spontaneously at a steady unvarying rate. They cannot be 
stopped and are unaffected by those changes (e.g. changes in temperature or 
pressure) which normally affect the rate of a chemical reaction. 

This steady unvarying rate of radioactive change is best expressed in terms of 
the time in which the number of nuclei is reduced to half its original value. For 
a particular element the time taken for half the activity to disappear is known as its 
half-life (see Fig. 13.4). The curve in Fig. 13.4 shows that the element is most 
active during its first half-life and after this the activity falls very quickly. 


13.5 Natural Radioactive Disintegration 


The example given to illustrate the loss of an alpha particle from a uranium atom 

238U) is the beginning of one of the uranium disintegration series. This series 
continues by loss of alpha or beta particles through a number of radioactive 
elements until it ends with a non-radioactive isotope of lead, 20$Pb. Fig. 13.5 
shows a representation of the uranium disintegration series. 

In addition to the uranium disintegration series shown in Fig. 13.5 there are 
two other naturally occurring series: (a) a second uranium series beginning with 
the isotope 235U and (b) a thorium series beginning with 73Th. All three series 
end with stable isotopes of lead. Disintegration series which begin with 


‘artificial’ elements such as neptunium 237Np are also known. 


13.6 Nuclear Reactions 

So far we have been concerned with spontaneous nuclear reactions ocurre ls 
radioactive elements. Induced nuclear reactions, however, can ecd E pi : 
are struck by high-velocity particles. Such reactions may be initiated either Dy 


neutral particles (neutrons) or by charged particles (&.8 protons). "Atom- 
T are used to 


smashing’ machines, such as the cyclotron and the linear accelerator, s d 
give high velocities to charged particles, but they cannot accelerate uncharg 


neutrons. High-velocity neutrons are obtained from a nuclear reactor. 


(a) Fission E 

Fission means ‘splitting’ and nuclear fission is a process In W ch creed gen 
is split into two fragments of approximately equal size; at the kar hom 
neutrons, gamma radiation and a considerable amount of energy 10 A à 7 
heat are liberated. Hahn and Strassmann in 1939 announced that they a 3 
a uranium-235 nucleus using $ 
struck by and absorbs a neutron, it becomes unstable, pulsat 


into two radioactive nuclei of roughly similar size. 
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neutrons are released, each capable of splitting another uranium-235 atom. 
One way in which this may occur is 
*52U + $n > [3$U] > 30Kr + Ba + 2in 


uranium neutron unstable krypton barium two 
isotope nucleus isotope isotope neutrons 


The two product neutrons may collide with two other uranium nuclei to liberate 
four more neutrons (see Fig. 13.6). Asa result the reaction becomes self propagat- 
ing. Such a reaction is called a chain reaction. 


we, 


} Pant 
Neutron p3 "v 
m 
235 K 


Fig. 13.6 Example of a chain reaction: the fission of uranium-235 by slow 
neutrons 


Mass-Energy Relationship 

When a fuel burns energy is released (i.e. the reaction is exothermic) because of 
the breakdown and formation of chemical bonds between atoms. However, 1n a 
nuclear reaction energy is released because the forces binding the nuclear particles 
are broken. For example, when lithium atoms are bombarded with high-speed 
protons, alpha particles are produced together with an immense quantity o 
energy which represents the binding energy of the lithium nucleus: 


3Li--1H — 2 $He--large amount of energy 
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This reaction results in the loss ofa minute quantity of matter and the release of a 
large amount of energy. It had been suggested as early as 1905 by Albert 
Einstein that matter and energy were different forms of the same thing and that 
theoretically matter could be changed into energy. The release of such large 
quantities of energy during nuclear fission substantiated Einstein’s suggestion 
that mass and energy are related by the equation 


E = mc 


where E is energy (in joules), m is mass (in kilograms) and c is the velocity of 
light (in metres per second). 


The Atomic Bomb 
Natural uranium is a mixture of mainly two isotopes, 235U and ?33U, of which 
the former constitutes less than 1%. We have seen that the ?33U isotope undergoes 
fission with neutrons. However, 738U does not undergo fission with slow neutrons 
and its presence prevents the occurrence of the self-sustaining chain reaction 
previously described. In fact, in order that a chain reaction should occur, à 
minimum mass of 233U (the critical mass) must be present. The problem of 
separating the two uranium isotopes to obtain pure 235U proved to be the major 
stumbling block in the production of the first atomic bomb. (The method actually 
employed was based on the fact that the gaseous hexafluorides of the two isotopes 
diffuse at very slightly different rates through a porous barrier-) : 
An amount of ?33U less than the critical mass does not undergo a chain 
reaction because sufficient neutrons escape to the surroundings to prevent the 
possibility of chain reaction. However, when two masses slightly less than the 
critical mass are brought together, sufficient neutrons are absorbed by nuclei to 
produce fission resulting in a wildly explosive chain reaction. This was the 
principle used in the first atomic bomb. 


The Nuclear Reactor 4 
In the early 1940s Enrico Fermi built the first nuclear reactor (or pile). It was con- 
structed to use natural uranium rather than pure 252U. which was extremely 
difficult to obtain. Fermi argued that if the neutrons from 733U bo slowed down 
they would be more easily captured by the small amount of ^32U in natural 
uranium-—and a chain reaction could be sustained. A neutron moderator of pure 


graphite was therefore used to slow down the neutrons without [oce ER 
To regulate the rate at which fission occurs in à nuclear reactor, control rods o 
ed whenever it is necessary to reduce the 


neutron-absorbing boron steel are insert 5 235 
number of free neutrons. Fast neutrons released by the fission of *32U bd 
absorbed by ?33U which is eventually converted into plutonium, à product whic 
is itself fissionable. r 
A nuclear reactor has thus two main functions: 
(i) Fission of ?3$U by slow neutrons to produ 


isotopes. 


ce energy and radioactive 
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(ii) The conversion of 733U into plutonium, which can split up into feather 
radioactive isotopes. 

An immense amount of heat energy is liberated during fission and this energy 
can be usefully employed in driving electrical generators. 


(b) Fusion of Light Nuclei 

In contrast to fission, where energy is released when the nuclei of heavy atoms are 
split into smaller fragments, energy can also be liberated when very small rauaclei 
combine. Such combinations of nuclei are called fusion. 

It is believed that the source of the sun's energy is a fusion reaction in which 
hydrogen nuclei fuse to form a helium nucleus with a loss of mass and corres pond- 
ing liberation of an immense quantity of energy. The fusion of nuclei will only 
take place at very high temperatures. The staggering quantity of energy pro duced 
in the hydrogen bomb is the result ofa fusion reaction between a hydrogen isotope 
and a lithium isotope. 


13.7 Applications of Radioactive Isotopes 


We have seen that fission produces a variety of radioactive isotopes. “T hese, 
together with naturally occurring radioactive elements, especially radiuzxa, have 
found numerous uses in both medicine and industry. Today radioisotopes are 
usually prepared from other elements by neutron bombardment. 


(a) Radioactive Isotopes in Medicine 
Radioactive isotopes are used either to diagnose disorders in the body or tc» zreat 
disorders by radiotherapy. 


(i) Diagnosis. Such applications include the use of 134] (radioactive iodine- 131) 
in the diagnosis and treatment of thyroid disorder. The thyroid gland, loca ted in 
the neck, is responsible for the regulation of many body processes and has the 
ability to concentrate iodine. Thus radioactive iodine can be used to diagnose an 
overactive or underactive thyroid gland by measuring the concentration of iso- 
tope in the gland. Cancer of the thyroid can be successfully treated with the 
gamma radiation from !23I which is allowed to accumulate in the gland. 


(ii) Radiotherapy. Radioisotopes such as $9 Co (cobalt-60) have been used in 
the treatment of some forms of cancer. In this treatment, cancerous tissue is 
subjected to strong gamma radiation from a cobalt-60 source. Gamma rays 
destroy the cancerous cells, as well as healthy cells, but the rapidly dividir g Cancer 
cells are destroyed preferentially. It is thus important to localize the area. vx ich is 
subjected to radiation. 


(b) Industrial Applications of Radioisotopes 
The uses of radioactive isotopes in industry are many and varied. A few €x a ples 
are given in this section to illustrate their diverse application. 


() Mixing processes. Radioactive tracers have been used to measure the. mixing 
efficiency in the preparation of a variety of products, including cattle £c, Od and 


gs M sc. mw 
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chocolate. In foodstuffs it is important to choose a harmless radioisotope with a 
short half-life. A radioisotope of manganese is sometimes used to ensure the 
complete mixing of mineral additives in cattle foods. After mixing, a sample is 
tested for radioactivity before the radioactive content of the manganese tracer 
has disappeared. If mixing is complete all samples should show the same level of 
radioactivity. 

(ii) Thickness and density measurements. We have seen already that beta 
particles are capable of penetrating aluminium sheet. As the number of particles 
absorbed by the sheet is proportional to its thickness and density, measuring the 
number of particles which succeed in getting through gives an indication of how 
much material they have penetrated. This fact is used in industry for testing the 
thickness and density of materials. For example, beta-particle thickness gauges 
are used for checking the packing of tobacco in cigarettes, and in rolling mills for 
maintaining a constant thickness of metal sheet (Fig. 13.7). 


Roller 
1 


Identical 
beta 
emitters 


Metal sheet 


Roller-pressure 
control 


Automatic 
compensating 


Fig. 13.7 Principle of the beta-particle gauge used for maintaining a constant 
thickness of metal in a rolling mill 


The same principle can be used in checking the level of liquids in tanks or 
hat packages contain the correct 


cylinders (Fig. 13.8) and also in ensuring tl 
amount of material. 

In recent years radioactive isotopes have come to be used in more and more 
industrial and medical applications. The ionizing radiations emitted present a 
hazard to health either when they are sufficiently intense or when exposure to 
them is prolonged, so it has to be borne in mind that any such material can be 
dangerous if mishandled. Isotopes are kept in aluminium or lead containers, 
depending on the type of radiation emitted, and must not be touched with the bare 
hands. For most purposes the amount of radioactive isotope employed is very 
small indeed; it is ‘diluted’ with a non-active material for ease of handling. 
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Fig. 13.8 Principle of the beta-particle gauge used for detecting the level of 
liquid in a closed container 


Summary of Unit 13 


l; 


10. 


Henri Becquerel discovered radioactivity in 1896 through the fogging of 
photographic film. This led to the isolation of the radioactive elements 
polonium and radium by Marie and Pierre Curie. 


. Radioactive elements may emit three types of radiation: (a) alpha radiation 


consisting of helium nuclei, (b) slightly more penetrating beta radiation 
consisting of electrons, (c) the intensely penetrating gamma radiation which 
is electromagnetic in nature. 


. Alpha and beta radiation can be detected using a gold-leaf electroscope or 


Geiger-Müller tube, whereas gamma radiation is detected using scintillation 
counters. 


. The time taken for the activity of a radioactive isotope to decay to half its 


original value is called its half-life. 


. The loss of an alpha particle from an element causes the atomic number to 


decrease by two units and the mass number to decrease by four units. Loss 
of a beta particle increases the atomic number by one unit but leaves the mass 
number unchanged. Gamma emission causes no change in the atomic number 
or in the mass number. 


. Fission is a process in which a heavy nucleus is split into two large fragments, 


usually accompanied by an energy release. 


. A chain reaction is a self-sustaining nuclear reaction. 
. Fusion takes place when light atomic nuclei combine together to form à 


heavier nucleus. In the process a minute loss of mass is converted into à huge 
release of energy. 


. A nuclear reactor is a structure in which a controlled nuclear-fission reaction 


produces energy and radioactive isotopes. 


Radioactive isotopes find widespread application in both medicine and 
industry. 
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Test Yourself on Unit 13 


1. What is: 
(a) an o (alpha) particle? 
(b) a B (beta) particle? 
(c) ay (gamma) ray? 


2. In the following radioactive decay series: 
228Ra 9, 228ac% 238Th © "Ra 


(a) What information about the nucleus of the radium atom does the symbol 
228Ra provide? 

(b) State whether (alpha) or f (beta) emission occurs in (1), (ii) and (iii). 

(c) What name is given to the first and last members of the above series? 


3. Part of the decay series of 7§3Th includes: 
22]h 5 (x) 5 (00 ^ 2 ^ 23gRa 
Give the mass number and atomic number of the elements X, Y and Z. 


4. Are the following statements true or false? 
(a) A radioactive element has a half-life of 10 minu! 
radioactive material remains after 80 minutes. 
(b) A Geiger tube detects o particles but not p particles. 
(c) Slow neutrons produce fission of ?33U nuclei. 
(d) The source of the sun's energy is a fusion reaction in which hydrogen nuclei 
fuse to form a helium nucleus. 
(e) All isotopes are radioactive. 


tes. One-eighth of the 


f 2 
Mark this test out of 20 with the answers provided on page 382; 
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Working in competition with other manufacturers, the large-scale producer of 
industrial chemicals must take into account the economics of the various 
processes as well as their chemistry. Among the factors to be considered are: 

(a) cost and transport of raw materials 

(b) available labour to run the plant 

(c) energy requirements and their most efficient use 

(d) the most economic use of by-products 

(e) disposal of industrial waste 

(f) location and capital cost of the most efficient chemical plant. 

This Unit looks at the manufacture of several ‘heavy’ chemicals. It considers 
not only the chemistry of the reactions, but also some of the economic and social 


factors affecting manufacture. 


14.1 Chemicals from ‘Salt’ 


Of the many salts dissolved in sea water the most abundant is sodium chloride 
(common salt), comprising some 2-3% by weight of the major seas of the world. 
In hot dry areas salt is extracted from sea water by solar evaporation. Common 
salt occurs also in vast underground deposits throughout the world, and it is from 
these that most of the salt for commercial use is obtained. 

In Great Britain sodium chloride deposits are found in Cheshire, Lan- 
cashire and Durham. After purification the salt is used on a large scale for 


the manufacture of sodium, sodium hydroxide (caustic soda), chlorine and 
sodium carbonate. The first three of these are produced from salt by electrical 
ture is therefore influ- 


processes. Siting of chemical plant for their manufac 
enced by the availability of salt and electricity. 


14.2 Sodium from ‘Salt’ 
en sodium chloride fed continu- 


Sodium is produced by the electrolysis of molt n 
ously into the Downs cell. Calcium chloride is added to lower the melting 


point to d 600 °C (pure sodium chloride melts at 801°C). ; 
aroun (pure th refractory brick (Fig. 14.1) 


The Downs cell consists of a steel shell lined wi 


enclosing a steel cathode and a € lindrical graphite anode. , 
g el cathode y í calcium, the libera- 
tion of which requires more energy. Being less dense than the electrolyte, the 
molten sodium rises as it is produced and is caught 
container. 

Gaseous chlorine is liberated at the anode in the centre of L4 vet $ Aen 
between the two electrodes keeps the chlorine from coming En con "n demi 
sodium and thus prevents any interaction between them. The reactio 


cathode is 
2Na* +2e + 2Na 


and the anode reaction is 
acl — Ch + 2e 
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Chlorine 3 n 
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Hood for chlorine 
collection ~ F------ pipe 


Steel case — — —» — Brick lining 


Sodium 


Steel gauze to 
prevent sodium 
and chlorine 
mixing 


Electrolyte ( mixture of 
molten sodium chloride 
and calcium chloride) 


Fig. 14.1 Production of sodium and chlorine in a Downs cell 


There is virtually no waste material in this reaction and therefore the problem 
of waste disposal does not arise. Chlorine, the only by-product, is of great 
commercial importance and finds a ready market: in fact chlorine is more in 


demand than sodium and this source provides only a fraction of the world's 
requirements. 


14.3 Sodium Hydroxide (Caustic Soda) from ‘Salt’ 


Sodium hydroxide (caustic soda) is manufactured by the electrolysis of 
sodium chloride solution. The electrolysis is carried out in a mercury cell, which 
consists of two compartments: one for the electrolytic decomposition of a 
brine, the other for the chemical decomposition of sodium amalgam (Fig. 142). 

In the electrolytic compartment the cathode consists of a moving stream of 
mercury and the anode consists of a number of graphite blocks. Sodium 1$ 
liberated at the cathode (in preference to hydrogen) and dissolves in the mercury 
forming an amalgam. This sodium amalgam flows out of the electrolytic chamber 
into the decomposition chamber where it reacts with water forming sodium 
hydroxide solution, hydrogen and free mercury: 


2N8 (amalgam) T2H;0, — 2Na* OH H5 
The mercury is then recycled through the electrolytic chamber. 


— 
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Fig. 14.2 Production of sodium hydroxide and chlorine in a mercury cell 


Chlorine is liberated at the graphite anodes (in preference to oxygen) and is 
piped from the cell. 
Cathode reaction: Na* and H* ions migrate to the cathode; sodium is dis- 
charged 
2Na* +2e > 2Na (amalgamates with mercury) 
Anode reaction: Cl- and OH ^ migrate to the anode; chlorine is discharged 


2Cl- > Cb *2e 


The chlorine manufactured by this process is no longer à by-product but is 
en is collected from the decom- 


itself one of the major heavy chemicals. Hydrog 
position chamber in a high state of purity and finds a ready market. There are no 
waste products in this reaction, but care must be taken to prevent the pollution 


which would result from the accidental escape of either chlorine or mercury. 


14.4 Chlorine and Hydrochloric Acid 


Chlorine is manufactured during the electrolysis of sodium chloride in the 


Downs cell (Fig. 14.1) and the mercury cell (Fig. 14.2), the latter being by far m 
more important. The demand for chlorine, particularly in the anutara o! 
organic chlorine derivatives, has made it one of the most important eavy 


chemicals. mm 
Hydrochloric acid is manufactured by the direct combination of hydrogen E 
chlorine, although quite large quantities are obtained as à by-product in the 
chlorination of alkanes and other organic compounds. 


14.5 Sodium Carbonate and Sodium Hydrogencarbonate 
from ‘Salt’ 
e are manufactured in the 


Sodium carbonate and sodium hydrogencarbonat c t 
Solvay (ammonia-soda) process- The raw materials are sodium chloride, 


calcium carbonate (limestone), coal and coke. 


314 Success in Chemistry 


The first stage in the process is the production of ammoniacal brine 
(ammonia dissolved in sodium chloride solution) by passing ammonia gas up 
a tower in which it meets a downward flow of brine (see Fig. 14.35) - 


Ammonium 
hydrogen- 
carbonate 
solution 


Sodium 
hydrogen- 
carbonate 
solution 


Sodium 
carbonate 
powder 


(a) 
Fig. 14.3a Flow diagram of the Solvay process for the production af” sodium 


carbonate 


The saturated ammoniacal brine is then pumped to the top of a second tower i 
(known as the carbonator) and allowed to trickle down while carbon Gioxide is | 
pumped in under pressure at the base. Sodium hydrogencarbonate is p»recipi- i | 
tated in the lower, cooled, part of the carbonator. The reactions taking. polacein —— 
the carbonator can be summarized as follows: 


NH344- CO; -H;0, > NH? HCO aq) 


NHHCO;,, - Na*Cl;, > Na*HCO3,) HNH 4 Clg) 


The suspension of sodium hydrogencarbonate is filtered, dried anci heated 
to form the carbonate: 


2Na*HCO;,, + Na} CO}, -- H;0,4- CO; 


The carbon dioxide produced in this reaction is recycled, but the mair supply 
for the carbonator is obtained by heating limestone with coke in kilns - 


Ca?* C035, + Ca?* 075, - CO; 
An alternative source of carbon dioxide is the burning of coke: 
Cw + 055 ^ CO; 


The calcium oxide produced in the lime kiln is ‘slaked’ with water and mixed 
with the filtrate from the carbonator (ammonium chloride solution). <A qm monia 
is liberated on heating this mixture and is used to saturate more bra ne. 


Ca?* OS +H,0q > Ca? OH ^); 


Ca?* (OH^)4, -2NH; Cla, > Ca?* Cl, -2NHaq -2H;04, 
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Na* CI” solution (Brine) 


Co**(0H); 
Co?* (OH)2(aq) 


4 2NHáCl(oq) 
> 2NH3(q) + 2H2%W) 


* Ca?" Clz (oq) 


Brine saturated 
with NH3 


Ory and heat to produce 
sodium carbonate powder 


Fig. 14.3b Location of the reactions in the Solvay process 


les of an efficient chemical process. 


The Solvay process is one of the best examp 
the raw materials (salt, limestone 


The only by-product is calcium chloride, and 

and coal) are readily available. It is advantageous to site the plant close to a river 
or lake since large quantities of cooling water are needed for removing the heat 
produced in the carbonator. 


14.6 Chemicals from Limestone 


Limestone rock is mostly calcium carbonate. It occurs in vast deposits through- 
ide (quicklime), 


out the world and is used for the production of calcium ox 
calcium hydroxide (slaked lime) and cement. 


(a) Calcium Oxide (Quicklime) 
Quicklime is manufactured from limestone by heating it strongly in a lime kiln 
—a steel or brick tower lined with firebrick (see Fig. 14.4). Coal is used as the 
fuel for heating the kiln. 
The limestone, introduced continuously at the top, 
as quicklime from the bottom of the kiln: 
Ca?* C034 > Ca^ * 06 +CO2W 


decomposes and is removed 
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Limestone in 


Carbon dioxide out 


Hinged door for release 
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Calcium oxide 
(quicklime) 


Fig. 14.4 Lime kiln used for the conversion of calcium carbonate 


(limestone) into calcium oxide (quicklime) 


(b) Calcium Hydroxide (Slaked Lime) k 
When water is added to calcium oxide (quicklime) a highly exothermic 
reaction occurs as the oxide is ‘slaked’ to calcium hydroxide: 


Ca?* 02; -H50 — Ca?* (OH a 


) are used in agriculture 


Vast quantities of calcium hydroxide (slaked lime 
te and in. 


to neutralize acid soils, in the manufacture of sodium carbona! 
making mortar. 

Mortar is a mixture of calcium hydroxide (slaked lime), sand and water. It 
hardens when the calcium hydroxide absorbs and reacts with carbon dioxide 
from the air, forming calcium carbonate: 


Ca?* (OH), - CO; > Ca?* COS + H20 


(c) Cement 
Millions of tons of limestone are used annually in the production of cement 
Limestone and clay are mixed in the necessary proportions and ground to à 
powder. This powder is then strongly heated in a huge sloping rotary kiln. 
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incandescent mass undergoes chemical change as it passes down the kiln, finza tty 
emerging as an aggregate which is cooled and then crushed to an extremely Y x3. 
powder. This is Portland cement. 

Cement, a complex silicate, is used to make concrete, the major non-m e zs * 
structural material of our technological society. Concrete is formed w hers 
cement, sand and gravel are mixed to a paste with water. The cement reacts 
with the water to form products which cling to the sand and gravel and in sey 
doing harden to a synthetic rock. 

Lime kilns and cement works tend to be sited as near as possible to a sourcce- <>f 
limestone, and preferably not too far from a coalfield. 


14.7 Sulphuric Acid 


The most important method for the manufacture of sulphuric acid iS — * we 
contact process. The principal raw material for this process is native su 1 y» Ex ur 
or, to a lesser extent, some sulphur-containing compound such as pyrite- ss €n 
iron sulphide). 

Sulphur is burned in excess dry air to form sulphur dioxide. The gas mix tus 
(sulphur dioxide and air) is filtered to free it from dust and then passed thous 
series of converters (see Fig. 14.5) containing trays of vanadium(v) oxide CV == 
dium pentoxide) which acts as a catalyst. Sulphur dioxide and oxygen fro === the 
air combine on contact with the catalyst in an exothermic reaction to pr <> <2 xxe 
sulphur trioxide: 


280 x4) + Og) > 2803 


Cooling air is used to maintain the temperature in the conver t€-* — at 
approximately 450°C. 

The sulphur trioxide is absorbed in 98-997; sulphuric acid to form oem 
(fuming sulphuric acid): 


H5S044,7-SOs() > H282070 


Suitable dilution of the oleum gives sulphuric acid of any desire 
tion. 

In the contact process the catalyst is surface active. This means 
reactions take place on the surface of the catalyst, which must therefore 
large surface area. Dust will reduce the effective surface area and a> ae 
react with the catalyst, ‘poisoning’ it and further limiting its efficiency. pit 
vanadium(v) oxide is a reasonably efficient catalyst for the oxidation o = E 
dioxide and is not readily poisoned. «ost of 

In a sulphuric acid plant one of the most important factors is tx €— a oduce 
producing pure, dust-free sulphur dioxide. Although it is cheaper tC? ^. saving 
sulphur dioxide from sulphur ores rather than from native sulphur, € = om the 
may easily be offset by the extra expense of purifying and removing dus® ^" nd the 
gas. Such problems of economics are common in industrial chemist 5” p= the 
manufacturer must weigh them carefully. It may well prove chea €^ 
long run to use the more expensive native sulphur. 


don ceni 


that Ps 
pre 
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In the United Kingdom almost 200000 tonnes of sulphuric acid are 
produced annually, most of which is used in the manufacture of fertilizers. 


14.8 Ammonia 


The synthesis of ammonia from nitrogen and hydrogen is carried out in the 
Haber process: 
Na+ 3H» = 2NH yg 

This is an exothermic reaction and under normal conditions of temperature and 
pressure is extremely slow. To increase the rate of the reaction finely divided iron 
is used as a catalyst. (Note that the introduction of a catalyst also increases the 
rate of the reverse reaction; however, it enables the equilibrium position to be 
reached more rapidly.) The optimum conditions from the point of view of cost 
and efficiency are a moderately high temperature of 500°C and a pressure of 
150-300 atmospheres. Under these conditions the mixture contains 
approximately 15% of ammonia. The ammonia is removed from the unchanged 
nitrogen and hydrogen by liquefaction, and unchanged gases are recycled over 


catalyst: 


An increasingly large proportion of hydrogen is now being produced in ihe 
United Kingdom from natural gas and petroleum products (naphtha). Some 
hydrogen is still produced from water gas (a mixture of hydrogen and carbon 
monoxide) by mixing with steam and passing it over an 


400*C: 
Ha + C0 H10 ip + Hae + COnw 
water gas 
The carbon dioxide is removed by whan Me uo unum wan tet MaE 
pressure. 


Nitrogen for the Haber process is "- 

At low pressures the yield of ammonia 1s 
facturer wishing to increase his ammonia yiekd 
pressure plant. Efficient producers are now operating plant at 
pressure. 


14.9 Nitric Acid 


Although much of the 


2 produced in the Haber process is used in the 
manufeture of fertilizers, large quantities are converted 


to nitric acid in the 
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Ostwald process. In this process ammonia is first oxidized to nitrogen monoxide 
(nitric oxide): 


4NH3, 4-505, > 4NO,, 4-6H;0,, 


An ammonia-air mixture containing approximately 1027 ammonia is passed 
over a platinum-rhodium gauze catalyst. The reaction is exothermic and, once 
started, maintains the catalyst at approximately 900°C. 

On cooling, the nitrogen oxide reacts with air to produce nitrogen dioxide: 


2NO,4 4-0; > 2NO; 
Absorption of the nitrogen dioxide in water produces 60-65% nitric acid: 
INOZ HHO ^ 2H*NO3,, + NO, 


Precautions are taken to ensure that gases leaving the absorption tower do not 
pollute the atmosphere with oxides of nitrogen. 


14.10 Fertilizers 


Fertilizers are added to the soil to provide elements which are essential to plant 
life. The most important of these elements are nitrogen, phosphorus and potassium. 

Nitrogen is absorbed by plant roots as nitrate (NO3) or as ammonium 
(NH3). Nitrogen from the air is converted to ammonia in the Haber process 
and almost all of this is used in the manufacture of nitrogenous fertilizers 
such as ammonium nitrate, ammonium sulphate and ammonium phosphate. 

Phosphate fertilizers are obtained from phosphate rock which is treated 
with sulphuric acid in order to convert it to superphosphate. This superphos- 
phate is soluble (unlike the phosphate rock) and consists of a mixture of 
calcium dihydrogenphosphate and calcium sulphate. à 

The most important potassium fertilizer is the chloride, most of which is 
imported into the United Kingdom from eastern Europe. However, there are 
huge deposits of sylvinite (a mixture of potassium chloride and sodium 
chloride) in north Yorkshire, and it is hoped that this source will provide 
sufficient potassium for the United Kingdom’s needs. 

A whole range of compound fertilizers containing nitrogen, phosphorus and 
potassium in varying Proportions is now manufactured. These are mixtures 
of simple fertilizers such as ammonium nitrate, potassium chloride and 
superphosphate. Care is taken to produce a granular, free-flowing, easily 
handled fertilizer to aid the farmer, Fig. 14.6 shows some of the interrelations 
between the heavy-chemicals industry and fertilizer manufacture. 


14.11 Iron and Steel 


Iron ore is one of the few metal ores found in large quantities in the United 
Kingdom. But the iron content of this ore, although adequate to meet the 
demands of the Industrial Revolution which it made possible, is relatively low 
and Britain now has to buy high-grade ores from abroad. 
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Fig. 14.6 Fertilizer manufacture 
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Fig. 14.7 Production 
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The ore is smelted in a blast furnace to produce pig iron. The ‘charge’ of iron 
ore, limestone and coke is fed in through the top of the furnace via a bell arrange- 
ment which prevents the escape of furnace gases (see Fig. 14.7). 

Air is blown (hence the name ‘blast’ furnace) through pipes called ruyéres 
located towards the base of the furnace. Oxygen of the air reacts with the coke to 
produce heat and carbon monoxide: 


2C, t Oz > 2CO%e) 


Carbon monoxide then reduces the heated iron ore to iron: 


Fe*0254-3CO,, > 2Feq + 3CO xg) 
(iron ore) 
The heated limestone decomposes to form calcium oxide, and this acts as a 
‘flux’ which removes silica (the major impurity in the ore) as molten calcium 
silicate called slag: 


Ca2* CO; ^ Ca?* 02; +COr) 
Ca?* Of; + SiOx. > Ca?* SOS; 


silica) slag) 
Molten iron, containing dissolved carbon and other impurities, settles to the 
bottom of the furnace with the molten slag floating on the top of it. 

At regular intervals the molten iron and slag are run off (‘tapped’) and more 
raw materials are fed in at the top. The whole process is continuous. 

A modern blast furnace is a steel cylinder lined with firebrick. Massive 
quantities of pre-heated air are blown through the tuyéres sO that the 
temperature at the base of the furnace is maintained at approximately 1400*C, 
whereas at the top of the furnace the temperature falls to near 200°C. 

Most of the iron produced is used to make steel by reducing its carbon content. 
Pig iron contains about 4°% carbon, whereas steels have a carbon content in the 
0-1-2% range. After suitable treatment the slag finds widespread use as à light- 
weight building material, in cement manufacture and as a road-building 
material: it is not the waste product that it used to be. 


14.12 Aluminium 


Aluminium, the most abundant metal in the earth's crust, occurs in clay, slate and 
silicate rocks. However, compounds of aluminium are so strongly bonded that 
it is difficult to extract the metal from its ore: a high-energy process such as 
electrolysis is necessary. The problem here is that aluminium ores are neither 
easily melted nor readily soluble, so it is difficult to find a suitable electrolyte. 
Fortunately, C. M. Hall, an American chemist, discovered that aluminium 
oxide will dissolve in molten cryolite (Na$ AIF? ). The Hall cell used for the 
production of aluminium nowadays is shown in Fig. 14.8. 

Electrolysis takes place at 900-1000°C in a graphite-lined iron tank. The 
graphite lining acts as the cathode, while blocks of a specially formulated mixture 
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Anodes of carbon (pitch and coke) 


Solid crust of 
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Grophite cathode 


Aluminium out 


Molten aluminium 
Fig.14.8 Production of aluminium in a Hall cell 


of pitch and coke (carbon) are used as anodes. Cryolite is first added to the cell 


and melted by the current. Purified bauxite ore (aluminium oxide) is dissolved in 
the molten cryolite and more is added at intervals while electrolysis takes place. 


Cathode reaction: 
2AP* +6e > 2Al 
Anode reaction: 
3C + 30? + 3CO + 6e 


(from the 
anode) 


Vast quantities of electricity are consumed during the electrolytic process, and 
for this reason aluminium plants are situated where electricity is cheap and 
plentiful. At present large quantities of aluminium are imported into the United 
Kingdom, but with the advent of cheap electricity from nuclear power the 


production of local aluminium will increase. : : 
Deposits of bauxite are found in many parts of the world, including France, 
India, Malaysia, Africa, the United States and Canada. Natural cryolite is found 
only in Greenland. Much of the cryolite used in the production of aluminium 1s 


manufactured synthetically from bauxite. 


14.13 Soaps and Detergents 


in general, and under 


this heading we include both soap and synthetic detergents. A detergent has T 
main functions: (a) it makes water ‘wetter’ and (b) it helps in the removal o 


grease and dirt. 


(a) Detergents as Wetting Agents 
Water without detergent is poor 
bowl of water and remove it you 


at wetting things. If you dip your hand into à 
will notice that your hand is not uniformly wet. 


4 
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Now add some detergent to the water and mix it by stirring with your hand. 
Remove your hand and notice that now it is covered with a layer of water. It is 
uniformly wet. The detergent lowers the surface tension of the water and thus 
enables the water to wet the surface of the skin. 

Surface tension is caused by the forces of attraction between molecules in a 
liquid. At the surface this produces an effect like a stretched elastic film or ‘skin’ 
because there is a tendency for molecules to be pulled into the body of the liquid. 
When a detergent is added to water the ‘skin’ is weakened and the water tends to 
spread out. 

Fig. 14.9 shows this effect when pure water and water containing detergent are 
placed on a piece of fabric. 


water droplet keep it almost spherical. Right: addition of ‘head-and-tail’ 
detergent molecules reduces the surface tension, allowing the droplet to spread 
out and wet the fabric 


(b) Removal of Grease Particles ES. 

The removal of grease by a detergent (soap) has already been described m 
Section 6.16, and the nature of ‘head-and-tail’ detergency is illustrated in Fig. 
6.15. 


14.14 Manufacture of Soap 


The raw materials for soap-making are animal and vegetable fats and oils. 
Vegetable oils include ground-nut, palm, coconut and many others, while 
animal fats include whale, beef and mutton tallow. Many millions of tons of these 
oils and fats are produced each year for a variety of uses, of which soap 
manufacture is only one. 


Oils and fats are esters. An ester is a product of reaction between à 
carboxylic acid and an alcohol (see Section 11.10d): 


ACID +-ALCOHOL — ESTER -- WATER 


The parent acid of an ester from an oil or fat has a long carbon-chain backbone, 
e.g. octadecanoic (stearic) acid, C,,H3;COOH, while the alcohol is glycerol 


CH,OH 


CHOH 


| 
3 CH,OH 
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Thus the ester formed between glycerol and octadecanoic (stearic) acid has the 
formula 


C,7HjsCOOCH, 
| 

C,4H4,COOCH 

C,;H4,COOCH, 


and is one of the main components of beef and other animal fats. 

In the soap-making process a blend of oils and fats is treated with alkali 
(usually sodium hydroxide) in a huge steam-heated vat. The esters are con- 
verted to the parent alcohol and soap (the sodium salt of the acid) in a process 
called saponification. 


C,;H4,COOCH; AER 
C,;H4,COOCH-4-3Na* OHq7 3C,,H,,COO- Najy + CHOH 
(ois d 
ip) 
(0) 
C,;H3,COOCH; CHOH ue 


(glyceryl ester of stearic acid) 


During the saponification process a great deal of heat is generated, but to 
complete the reaction the mixture is finally boiled. The mixture of soap, glycerol 


and water is separated by adding sodium chloride (salt). This ‘salting-out’ 
process solidifies the soap since it is only slightly soluble in salty water. Brine and 
floats to the top. After removal 


glycerine form a single solution while the soap 1 nd 
from the solution, the soap is p! and perfumes, colouring agents an 


fillers are added. 


14.15 Synthetic Detergents 


Ligu i i ometimes called ‘soapless soaps’, are 
de fen d Sereni animal and vegetable fats and 


manufactured from petrochemicals and not from i D 
oils. They are an ams on, rather than a substitute fota “te ir 
producing an abundant lather. In addition they are not alkaline like many ps 
and have excellent cleansing properties. 

Soap in solution has an anionic carbo. 
chain (R): 


xylate group attached to à hydrocarbon 


ic wi hain 
ionic with à long hydrocarbon ci 
Ti oup is introduced by 


Iphonate gr 
P "1 «a 


One type of soapless detergent is also a! 
attached to a negative sulphonate group. The su 
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treating an alkylbenzene with a sulphonating agent such as sulphuric acid. 
Neutralization then produces the sodium salt. A typical alkylbenzene might be 


CH, CH, CH, CH, CH; CH—CH 
fo 
iM WX OY M 


| CH—CH 
(alkylbenzene) 


The sulphonated alkylbenzene could thus be 


CH, CH, CH, CH, CH, CH—CH 
Lee x x N 
H.C CH, CH, CH, CH, [6 


C—SO; Na* 


CH—CH 


Once again there is a long hydrocarbon chain with an anionic group at the end. 

An important difference between soapless detergents and soap is their reaction 
with hard water containing calcium and magnesium ions. Soap produces àn 
insoluble scum of calcium or magnesium stearate, whereas soapless detergents 
form no scum because the calcium and magnesium alkylbenzene sulphonates 
are soluble. ! 

In the manufacture of soapless detergents, oleum (fuming sulphuric acid) 
reacts with the alkylbenzene to produce the sulphonated alkylbenzene and 
sulphuric acid. The addition of water dilutes the sulphuric acid, which sepat- 
ates and is removed. The remaining sulphonated alkylbenzene is neutralized 
with sodium hydroxide solution to form sodium alkylbenzenesulphonate— 
the synthetic detergent. 

Before packaging, bleaches, fluorescent materials, perfumes, phosphates and 
other chemicals are added to improve the properties of the detergent. 


Summary of Unit 14 


1. Heavy chemicals are those manufactured on a large scale. 

2. Sodium chloride occurs extensively and is used for the manufacture of the 
heavy chemicals sodium, chlorine, sodium hydroxide and sodium carbon- 
ate. 

3. Sodium is manufactured in the Downs cell by the electrolysis of molten 
sodium chloride. 

4. Sodium hydroxide is manufactured by the electrolysis of an aqueous solu- 
tion of sodium chloride in a mercury cell. 

5. Chlorine is obtained from both the Downs cell and mercury cell. Demand 
for chlorine exceeds that for either sodium or sodium hydroxide. 

6. Hydrochloric acid is produced either by the direct combination of hyd- 


rogen and chlorine, or as a by-product in the chlorination of organic 
compounds. 
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7. Sodium carbonate is manufactured in the Solvay process from sodium 
chloride, calcium carbonate (limestone) and coal. 

8. Limestone is the source of calcium oxide (quicklime), calcium hydroxide 
(slaked lime) and cement. 

9. Sulphuric acid is manufactured in the contact process by the catalytic 
oxidation of sulphur dioxide. Oxygen is obtained from the air, and 
sulphur dioxide from sulphur. 

10. Ammonia is synthesized from nitrogen and hydrogen in the Haber pro- 
cess. 

11. Nitric acid is produced from ammonia by catalytic oxidation. 

12. Ammonia, nitric acid and sulphuric acid are used in the manufacture of 
fertilizers. 

13. The blast furnace produces iron 
is used to make steel. 

14. The electrolysis of purified bauxite 


from iron ore. Most of the iron produced 


dissolved in molten cryolite produces 


aluminium. 
15. A detergent is a cleansing agent and includes both soap and synthetic 

detergents. 
nimal and vegetable fats and 


16. Soap is manufactured by the saponification of ai 


oils, whereas synthetic detergents are man from petrochemicals. 


Test Yourself on Unit 14 
olten sodium chloride 


l. Sodium is manufactured by the electrolysis of m 
containing calcium chloride in the Downs cell. 

(a) Does this process use alternating or direct current? 

(b) Why is calcium chloride added? : 

(c) Nae the product at (i) the cathode and (ii) the anode. Write equations 
showing their discharge. 
ufactured by the combination of nitrogen 


lyst at à temperature of 


2. Ammonia, a heavy chemical, is man < 
divided iron cata 


a) What i t by the tei ; t 
i Wis is iiti given to this method of producing ammonia? 
(c) Name the sources of nitrogen and hydrogen. 
(d) What is the purpose of id eei 
i t finely divided * : : 
(^ wae Wee for the reaction, including ote " 
(g) In this process the conversion of nitrogen and poche rcm 
incomplete. How is the ammonia separated from the une ang 
hydrogen? 


3. Complete the following aiia 
(a) The charge in the blast furnace is usually 
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(i) iron ore and coke 
(ii) coke, iron ore and air 
(iii) limestone, coke and iron ore 
(iv) limestone, sand and iron ore 
(b) Slag is 
(i) molten sand 
(ii) molten iron 
(iii) iron pyrites 
(iv) molten calcium silicate 
(c) The main reducing agent in the blast furnace is 
(i) iron ore 
(ii) carbon monoxide 
(iii) hydrogen 
(iv) limestone 


(d) The impure iron that comes from the blast furnace contains about 
(i) 0-275 carbon 
(ii) 4% carbon 
(iii) 10% carbon 
(iv) 20% carbon 
(e) Steel contains 
(i) 0-1-2% carbon 
(ii) 5-10% carbon 
(iii) no carbon 
(iv) more than 10% carbon 


4. In the contact process for the manufacture of sulphuric acid: 
(a) What are the raw materials used? 
(b) Name the product formed when these raw materials are burned together. 
(c) Write an equation for the reaction taking place in the catalyst chamber. 
(d) Name a suitable catalyst for the reaction. 4 
(e) How is the gas formed in the catalyst chamber converted into sulphuric 
acid? 
(f) State one important use of sulphuric acid. 


5. Mark the following statements true or false: 
(a) The only important by-product in the Solvay process is sodium hyd- 
rogencarbonate. 
(b) Nitric acid is manufactured by the oxidation of ammonia. , 
(c) Nitrogenous fertilizers include ammonium nitrate, urea, ammonium 
sulphate and ammonium phosphate. ; 
(d) Oils and fats are converted to soap in a process called esterification. 
(e) Detergents include both soap and synthetic detergents. 


) Mark this test out of 30 with the answers provided on page 383. 


Unit Fifteen 
Matter, Society and the Environment 


RESOURCES 
Coal, natural gas, mineral, 
radiochemical etc. 


Human beings and the 
population explosion 


Food production 


Food additives 
and preservatives 


Depletion and conservation 
of natural resources 


Chemicals in the prevention 
and treatment of illness 


Abuse and harmful nature 
of some chemicals 


Pollution 
(natural and artificial) 
Land pollution 


orded to the chemical industry by the media 


In recent years bad publicity ace l e me 
has generated concern in the minds of both the public and some scientists. 


The hazards associated with large chemical plants have been forcibly brought 
sion at Flixborough and 


to people’s attention through, for example, the explo: : 
h Seveso and Bhopal, while the 


by the escape of poisonous fumes at bot : Å 
nuclear leak at Three Mile Island and more particularly the accident at 
Chernobyl have raised anxiety concerning the safety of nuclear plants. 


The great importance of the chemical industry cannot be overstated, io 
ever. For example, the chlor-alkali industry manufactures chlorine, sodium 
14) used for making soap, de- 


hydroxide ¢ i Unit 
ydroxide and sodium carbonate (see ahs ed 


tergents, solvents, glass and ceramics. The organic chemica : 
manufactures à vast range of pro ucts 


first on coal tar and then on etroleum, a odi 
d plastics, fibres, ade explosives, pharmaceuticals, pesticides, 
yestuffs and paints. ii p 

The emend importance of the technological revolution 1n gum e 
industry has to be balanced against the inevitable hazards Sponge ae i 
manufacturing processes. Because there is such potential danger in many A 
chemical industry takes stringent ae á 
avoid disaster, and bodies such as the United Kingdoms Health an 


Safety Executive and the regiona orities administer appropriate 


Water pollution 
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Government legislation. Such precautions cost money, however, and a bal- 
ance has to be struck between cost and safety. 

The chemical industry uses vast quantities of raw materials. Recently fears 
have arisen concerning the possiblity of the exhaustion of natural resources 
such as coal, petroleum and other minerals. A consequence of the increasing 
consumption of these resources is the steadily increasing fear of the pollution 
of the environment caused by industrial production, intensive farming and 
transport. 

This unit aims to identify some of the natural resources available, and 
looks at their use and abuse in our increasingly technological society. 


15.1 The Population Explosion 


It took hundreds of thousands of years for the world population to reach 300 
million, which it did about two thousand years ago. Only sixteen centuries 
were then needed for it to double to about 600 million. From then onwards 
the time taken for the world population to double has decreased rapidly. Fig. 
15.1 predicts the population in the year 2000 to be approximately 7000 mil- 


lion. 

7-0 
| 60 
B50 
S 
540 
E 
530 
a 
o 
€ 20 
Zz 
= 10 


“0 1600 j 2000 
1900 


(birth of 
Christ) 
Time (years A.D.) ——> 


Fig. 15.1 The population explosion 


More people require more food, fuel and energy, together with more of the 
basic natural resources, and the fear is that all these will be consumed at a 
faster rate than they can be replenished. 


15.2 Energy Resources 


(a) Fossil Fuels 
Our society today depends on the availability of reliable sources of energy. 


| World energy reserves are assessed in terms of a unit Q, where 1 Q is equi- 
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valent to the energy content of 25 000 million tonnes of oil—a staggeringly 
large quantity, which is greater than the energy content of the oil transported 
by 100 000 large oil tankers. 

Crude oil, like coal and natural gas, is a fossil fuel, largely made up of the 
fossilized remains of minute creatures. The refining of crude oil (petroleum) 
is described in Section 11.5. The fossil fuels are by far the most important of 
our energy reserves at the present time. It has been estimated that the total 
reserves of these fuels amount to about 260 Q. 

The annual world consumption of energy is less that 0-5 Q. So how long will 
the fossil fuels last? This is not an easy question to answer as there are so 
many variables to be considered. The efficiency for recovering most oil 
reserves is only of the order of 50%; the world energy demand may increase 
markedly with industrial development; population growth will increase the 
demand for energy. The projected annual energy demand related to popu- 
lation growth is illustrated in Fig. 15.2. The graph shows how long reserves 
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ing the energy demand 


eans of supply 
are thus a finite energy 


). Fossil fuels ; 
nce they have been used. Alternative 


would last if fossil fuels were the only m 
(it assumes 100% recovery of oil reserves 
source—that is, they cannot be replaced o 
energy sources are therefore being sought. 


(b) Alternative Energy Sources s 
There are essentially only two ways of m as ape sone sl 
the availability of fossil fuels di One is the xP! d e enerBy 
resources such as solar energy: tidal ener j 

from sea waves and the use of wind-powered generators 
traditional hydroelectric power schemes (we can i 
in this book). The other is the use of nuclear fuels. 
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(i) Energy from the sun 

Section 13.6 describes two types of nuclear reaction: nuclear fission and 
nuclear fusion. The origin of the sun’s energy is believed to be a fusion 
reaction in which two hydrogen nuclei fuse to form a helium nucleus with a 
loss of mass and corresponding liberation of an immense quantity of energy 
The sun converts over 500 million tonnes of hydrogen into helium every 
second, resulting in the radiation of 9 billion Q of energy in a year. Of this 
the earth receives only some 3000 Q per year. Some is absorbed by the earth's 
atmosphere, and some warms the surface of the earth and is returned to the 
atmosphere by radiation or by evaporation of water. Only 1-2 Q is harnessed 
through photosynthesis for storage into chemical energy (see Sections 6.10 
and 12.8). 

Currently much effort is being directed towards the production of electricity 
from the sun’s energy using photoelectric solar cells; the most promising direct 
use of solar energy is in the use of solar panels for heating water for domestic 
and industrial use. Modern buildings are now being designed to use direct 
solar heating more efficiently. 


(ii) Tidal energy 

Tides are caused by the gravitational attraction of the moon and to a lesser 
extent the sun. The rise and fall of the water between high and low tides is a 
source of energy, and the conversion of this tidal energy into a usable form is 
currently receiving considerable attention. Although a tidal power station is 
now operating in France, the problems and expense of building such power 
stations at present far outweigh the gain which such effort produces. 


(iii) Geothermal energy 
The centre of the earth consists of molten rock, This vast heat energy source 
beneath the earth’s crust is as yet largely unused. Some of this heat energy is 
transferred to the surface averaging 0-05 W m~? over the whole of the earth's 
surface, a figure which remains remarkably constant and is largely lost to the 
atmosphere. 

Where the molten rock comes close to the surface there is the possibility of 
it breaking out through the crust as in volcanoes. When underground water 
comes close to the hot rock it can be expelled as steam and hot water in 
geysers and hot springs, and in certain places this steam has been harnessed to 
drive electric generators and Provide local heating. At the time of writing, 
studies are also being carried out on the practical possibility of pumping water 
down to considerable depths to be heated by hot dry rocks and returned to 
the surface for use. The quantity of useful energy derived from this source is 
at Present minute, however. Such useful energy is called hydrothermal energy 
(meaning ‘energy from hot water’) 

Potentially this is a vast source 
of the hazards associated with rai 
could become more important ti 


of energy as yet unexploited which has none 
dioactivity. In the future, geothermal energy 
han energy derived from fossil fuels. 
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(iv) Nuclear energy 
Almost 20% of the United Kingdom's electricity is generated by nuclear 
power. Nevertheless, the nuclear debate continues. 

A nuclear power station differs from a coal- or oil-fired station principally 
in the source of heat. In a nuclear station the heat comes from the energy 
released in a fission reaction involving usually uranium or plutonium. 

Two basic types of reactor use nuclear fission: thermal reactors and fast 
reactors. In a. thermal reactor, atoms of uranium or plutonium are split by 
neutrons, releasing energy as heat and more neutrons to sustain a controlled 
chain reaction. Natural uranium consists mainly of uranium-238 with only 
0-6% of uranium-235, but it is this small amount of uranium-235 that is 
casily split by slow neutrons. The probability of the fission of U by slow 
neutrons is in fact much greater than the fission of 298U by fast neutrons. 
Thermal reactors use a moderator to slow down the neutrons so they are able 
to react with the uranium fuel (often enriched with 2351), Magnox reactors 


and in both the heat is transferred from the reactors to the generators by gas. 
Pressurized water thermal reactors (PWR) use water as both moderator and 
coolant. An AGR and a PWR are illustrated in Figs. 15.3 and 154 re 


spectively. 


Fuel: 
Fig. 15.3 Diagram of an advanced gas-cooled reactor (AGR); s 
235 U. enriched uranium dioxide. Moderator: graphite. Heat m carbon 
dioxide gas transfers heat 10 water in à steam generator 


plutonium fuel 
There is a worldwide expectation enda n e —À E. 
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Electricity-generating 
plant 


Control 


Pressurizer 


Fig.15.4 Diagram of a pressurized water reactor (PWR). Fuel: 
?35 U-enriched uranium dioxide. Moderator: water. Heat extraction: water in 
reactor transfers heat to water in a separate circuit. 


Reserves of uranium are finite, but 'spent' fuel from a thermal nuclear 
reactor contains a high proportion of unused uranium together with plu- 
tonium produced in the reactors. Spent fuel is therefore reprocessed to recover 
uranium and plutonium, leaving only comparatively small amounts of pco 
waste. This waste contains fission products such as radioisotopes 30r, }3 Cs, 
33"Cs and $391. These have different half-lives and decay to stable isotopes with 
the emission of dangerous beta and gamma radiation. These damage living cells, 
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Fig. 15.5 Diagram of a sodium-cooled fast reactor. Fuel: plutonium and 
uranium dioxide. Moderator: none. Heat extraction: molten sodium transfers 


heat to water in a steam generator. 
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and in large doses this can be fatal to the organism; even in smaller doses they 
can cause cancer and genetic mutations. The toxicity of these radioactive 
materials is enhanced by the body concentrating specific isotopes; for instance, 
38Sr collects in bones because it resembles calcium in its chemistry (bone tissue is 
made up largely of calcium salts). Human beings and other species towards 
the end of a food chain are particularly vulnerable to the dangers of such 
radioisotope concentration. The safe d 
one of the major problems in à nuclear power station. 

The electricity-generating industry is investigating 
disposal of fission products produced in power stations. 
been studied in detail is the disposal of liquid waste in 
be either stored or buried. 

The possible environmental consequences of an operational nuclear accident 
becamestarkly evident after the 1986 Chernobyldisasterin the USSR. The RMBK 
water-cooled graphite-moderated reactor (see Fig. 15.6) exploded and caught 


new methods for the 
One method that has 
glass blocks that may 


Concrete shield 


; jum dioxide. 
Fig. 15.6 Diagram of the Chernobyl RMBK reactor. Fuel: uranium 
hite. Heat extraction: water. 


Moderator: grap! 
i i lume 
fire, the graphite burned and part of the core melted. The vocor ia z 
that passed over Europe contained volatile fission products, f land, water 
and caesium, and there was widespread cons dr at the Three Mile 
livestock. Incidents such as this, together with = wm (Windscale) leakage, 
Island power station in the USA and the 1957 Sell untries against nuclear 
have led to an increasingly active lobby in many co 


power. 

15.3 Mineral Resources Me o 
With the growth of world industrial uos bes corsage, iis 1900 
ing increase in the consumption of mine VE 
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steel output has risen twenty-five times and aluminium production almost 
two thousand times. This ever-increasing use of our mineral resources has 
recently given rise to concern about their possible exhaustion. 

Consider, for instance, the extraction of aluminium from bauxite (see 
Section 14.12), iron from haematite (see Section 14.11) and chemicals from 
rock salt (see Unit 14). In any such process, account has to be taken of the 
following factors: 


(a) the location and quantity of the mineral depositis, 

(b) the economics of obtaining the mineral from its ore, 

(c) the rate of consumption of the mineral, 

(d) the possibility of recycling (particularly in the case of metals), 

(e) the environmental impact caused by the holes and scars resulting from 
mining and quarrying, 

(f) the enormous requirement of many mining and extraction processes for 
water, and the consequent pollution problems, and 

(g) the use of large amounts of energy. 


One of our major sources of minerals is the sea. Sea water is an aqueous 
solution of dissolved salts, gases and organic molecules, containing also 
suspended solids of both organic and inorganic origin. The major constituents 
include eleven ionic species (see Table 15.1) which together make up over 
99-9% of the dissolved solids in sea water. Of these, bromine and magnesium 
are of particular importance for extraction. 


Table 15.1 Tonic constituents of sea water 


Concentration 

Constituent (g/kg sea water) 
Chloride, C17 19:35 
Sodium, Na* 10-76 
Sulphate, S047 2-71 
Magnesium, Mg?* 1:29 
Calcium, Ca?* 0:41 
Potassium, K * 0:39 
Hydrogencarbonate, HCO; 0:14 
Bromide, Br^ 0-067 
Strontium, Sr? * 0-008 

Boron, as H3BO; 0-004 
Fluoride, F~ 0-001 


Many other elements, including iron, manganese, copper and cobalt, are pres- 
ent in very small concentrations, but these represent significant amounts when 
considering the vast quantities of water in the seas. In the future, extraction 


of some of these elements may perhaps become economically viable as other 
Sources become depleted. 
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15.4 Pollution 


A definition of pollution is not easy, because it depends to a large extent 
upon those environmental qualities which a person considers to be of value. 
We can say, however, that the environment has been polluted when a sub- 
stance, or a form of energy (such as heat or radiation), or a disturbance such 
as sound is added to the environment at a rate faster than the environment 
can accommodate it, so that it adversely affects not just human beings but 
life in general. 

Pollution is therefore not a new phenomenon. Nor is it necessarily caused 
by human beings. Even nowadays the pollution produced by a large volcanic 
eruption (such as that of Mount St Helens in the USA) can dwarf the human 
contribution. Pollution by people has only been significant since their 
numbers increased to such an extent that the environment became unable to 
assimilate and process all of the waste products that result. 

There is a limit to the earth's size, energy reserves and non-renewable 
mineral resources. The more people there are, the greater is the demand for 
space, energy and mineral resources, while the greater our use of these, the 
greater become the environmental threats to humanity's survival. Some of 
the more significant environmental threats are discussed below. 


(a) Air Pollution 
To maintain health an individual needs each day about 2 kg of water and 


around 1:3 kg of food, but approaching 14 kg of air. He or she can survive 
food for five weeks, but in the ab- 


without water for five days and without ; 
sence of air death ensues after about five minutes. And yet the air we are 
breathing is becoming increasingly polluted. " 

Most of the air pollution that arises from human acti 
products of combustion of fuels, and five types of substa. 


than 9094 of our air pollution problem. These are: 


vities results from the 
nce account for more 


(a) carbon monoxide (CO) : 
(b) oxides of nitrogen (NO, NO», N,0), collectively referred to as NO, 
(c) hydrocarbons (methane, ethane, ethene, etc.) 
(d) sulphur oxides (SO2, SOs) 
(e) particulates (dust, pollen, metals, etc.) 
What are the major sources of these air pollutants? 
(i) Carbon monoxide M NA ic (see 
Carbon monoxide is an odourless, colourless 8i one tend bert a 
Section 10.33): 1000 parts per million (ppm) © Ed di as headaches and 
person quickly, while 100 p.p.m. 
upset stomach. The effects of low doses of car 
with time but, even 80, repeated expose mia: 
dangerous, particularly to someone suffering from anae 
from motor vehicles acc 


ide pollution 
ounts for most of xide P 
generated. Daily concentrations 


of it correlate well with traffic volume be- 


N 
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cause much of it is produced by incomplete combustion of the carbon in 
fossil fuels: 

2C + Or) > 2COw) 

(in fuel) 
It has been estimated that the three million vehicles in Los Angeles alone 
produce about 8000 tonnes of carbon monoxide in a day — about 2 kilograms 
of carbon monoxide per vehicle per day. High vehicle concentrations result in 
high carbon monoxide levels which can become dangerous in cities on still 
days and in tunnels and garages without efficient ventilation. 

Most attempts to control carbon monoxide pollution are directed towards 
its elimination from vehicle exhaust emission. This is complicated by the pres- 
ence of other pollutants (hydrocarbons, nitrogen oxides and particulates) that 
must be dealt with at the same time. Possible solutions would be: 


(1) modification of the internal combustion engine to reduce the amounts 
of pollutants formed during combustion of fuel; 

(2) development of new exhaust systems that will complete the combustion 
process and change potential pollutants into less harmful materials; 

(3) development of new fuels and engines. 


If all fossil fuels were burnt more efficiently in a complete combustion 
reaction then no carbon monoxide would form. All the carbon in the fuel 
would be converted to the less hazardous carbon dioxide: 

C + O2% > CO2% 
(in fuel) 
Many scientists believe, however, that even an increase in the carbon dioxide 
content of the air could prove a hazard. They argue that such an increase 
could trap more of the sun’s energy and result in a significant temperature rise 
over the earth as a whole. This is termed ‘the greenhouse effect’. It could 


have marked effects on climates, resulting in an increase in the desert areas 
and melting of the polar ice caps. 


Gi) Oxides of nitrogen 

When coal, oil and petrol are burned at high temperatures, appreciable 
amounts of the oxides of nitrogen are formed. A Russian study has indicated 
that subjection to concentrations as low as 2:8 p.p.m. of oxides of nitrogen 
over a three-to five-year period could result in permanent lung damage. 

In Los Angeles there is an alert level for oxides of nitrogen of 3-0 p.p.m. It 
is estimated that the daily output of nitrogen oxides in Los Angeles is 750 
tonnes. The problem has assumed major proportions because of this city’s 
geographical position. The city is in a valley. At certain times cool air in the 
valley becomes trapped by a layer of warmer air above. Under these condi- 
tions the sun acting on the nitrogen dioxide and oxygen can produce nitric 
oxide and ozone. These can react with hydrocarbon pollutants to produce 
secondary pollutants such as peroxyacyl nitrates. 


This photochemical pollution results in the yellow-brown smogs character- 
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istic of such large cities; Tokyo and Chicago suffer similarly. This form of 
pollution results in plant damage, the deterioration of materials and 
decreased visibility, together with severe eye irritation and many other health 
problems. 

As for carbon monoxide control, strenuous efforts are being made to de- 
velop internal combustion engines that have considerably reduced hazardous 
emissions. But whereas the removal of carbon monoxide requires oxidation 
to carbon dioxide, the removal of oxides of nitrogen requires reduction to 
nitrogen and oxygen. A dual catalyst system is thus required. 


Gii) Hydrocarbons 

Methane (CH4) is emitted into the atmosphere in quantities larger than any 
other hydrocarbon as a result of bacterial decomposition. Human activities 
contribute only about 15% of the hydrocarbon emissions, most of which 
come from petroleum. Most of the harmful effects of hydrocarbon pollution 
are caused not by the hydrocarbons themselves but by products formed when 
the hydrocarbons undergo chemical reactions in the atmosphere (such as 
peroxyacyl nitrate, mentioned in (ii) above). 


(iv) Sulphur oxides 

Sulphur dioxide is the only sulphur oxide contributing significantly to air 
pollution. It results from the combustion of fossil fuels. Of these the burning 
of coal produces the most sulphur dioxide, because sulphur is found in all 
coals in amounts ranging between 0:2-7-0%. The sulphur was present in the 
proteins of the once-living material from which coal was formed. The protein 
sulphur survived the carbonization process and became part of the resulting 
coal, Petroleum and natural gas originated in similar ways and therefore also 
contain sulphur. Natural-gas processing and petroleum refining remove most 
of this sulphur, however, so these fuels are not as serious sources of sulphur 
dioxide pollution as is coal. 

Burning sulphur containing fuels produces sulphur dioxide: 


S + O2 > SO2 
Some of this dissolves in water to produce sulphurous acid: 
SO; + H20 > H2503 
Some of the sulphur dioxide is oxidized, either to sulphur trioxide: 
2S0; + O2 > 2503 
or to sulphuric acid: 
280; + 2H20 + 02 > 2H2504 


The acid mist so produced is responsible for much deterioration of the fabric 
of buildings and many other materials, particularly metals. The much-pub- 
licized acid rain affecting the foliage and retarding the growth of plants is 
believed to be due to this acid mist. 

The obvious solutions to this problem are: 
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(1) to reduce the sulphur content of coal before burning it, and 
(2) to remove the oxide gases after the fuel has burnt. 


(v) Particulates 

Natural phenomena such as windborne dust from dry land, volcanic action, 
forest fires and salt from sea spray account for most of the particulate matter 
in the atmosphere. Thus natural sources completely dominate anthropogenic 
(‘man-made’) sources, which include losses from industrial processes and 
emissions from the combustion of coal and other fuels. 

The ash from these emissions contains carbon and silicon(rv) oxide, as well 
as trace elements. Of these, /ead in the atmosphere in both particulate and 
gaseous forms has given cause for concern and much publicity, especially 
with regard to possible mental retardation of children. The first visible 
symptom of lead poisoning is often the onset of anaemia, but brain damage, 
convulsions, behavioural disorders and eventual death are the results of 
prolonged exposure to lead and its compounds. 

Combustion of petrol accounts for by far the greater part of all atmospheric 
lead pollution. The sources of lead in the exhaust products of petrol com- 
bustion are the ‘anti-knock’ additives, tetraethyl-lead, Pb(C;H;), and tetra- 
methyl-lead, Pb(CH,),. In addition, 1,2-dichloroethane, CH,CICH,Cl, and 
1,2-dibromoethane, CH;BrCH,Br, are added to petrol. These compounds 
react with the lead to form volatile lead compounds which are released into 
the atmosphere with other exhaust gases. Such removal of the lead is 
necessary for smooth running of the engine. Vigorous efforts are at present 
being made to develop petrol engines which do not require such lead addi- 
tives. 

At one time smoke was a serious factor in air particulate pollution, but in 
the United Kingdom the ‘Clean Air Acts’ have almost eliminated smoke as a 
significant pollutant. It is interesting to note that the first Alkali Act was the 
result of the very unpleasant pollution caused by the manufacture of soda 


ash (sodium carbonate) in the Cheshire and Lancashire towns in the nine- 
teenth century. 


(b) Water and Land Pollution 


() What is water pollution? 
‘Pure water’ as supplied to our homes by the water authorities contains 
dissolved carbon dioxide, oxygen and nitrogen absorbed when rain falls 
through the air. In addition this water running over and through the land 
dissolves salts of metals such as sodium, magnesium and calcium, the latter 
two metals being responsible for ‘hardness’ of water (see Unit 6.16.) Such 
drinking water is thus not pure in a chemical sense. After treatment at a water 
purification plant to remove bacteria and suspended solids it still contains 
these dissolved substances which give water its characteristic ‘taste’. 

Polluted water is that which cannot be used for the public water supply, 


recreational use, agricultural purposes or industry, and which will not support 
wildlife, fish and so on. 
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(ii) Sources of water pollution 
Rivers and streams receive effluents from many sources, including: 
(1) run-off from farm lands which have been treated with pesticides and 
fertilizers, 
(2) raw and treated sewage, which add plant nutrients including nitrogen 
and phosphorus together with detergents etc., 
(3) industry, which adds inorganic and organic 
radioactive material and warm water, 
(4) tankers, offshore rigs and refineries, 
spills add oil and oil residues. 


chemicals, sediments, 


which together with accidental 


(iii) Effects of water pollution 
Plant and animal life in water depend upon 


Their survival depends on the ability of t à 
minimum amount of this gas in solution. Pollution, particularly in lakes, 


results from oxygen depletion where the ecological balance is disturbed. This 
happens when bacteria digest organic waste matter (such as untreated 
sewage), nitrogenous chemicals (particularly nitrates from fertilizers) and 
phosphates from detergents in a process which uses up dissolved oxygen: 


the presence of dissolved oxygen. 
he water to maintain a certain 


dissolved _, carbon more , 


waste J 
a dioxide + bacteria 


bacteria - matter oxygen 


The carbon dioxide stimulates the growth of algae, water weeds and plants in 


aquatic daytime photosynthesis: 

algae + carbon dioxide + sun's energy _photosynthesis, more algae + oxygen 
This rapid production of plant life is known as eutrophication. It e " 
dissolved oxygen being consumed more rapidly than it can be replace "ed 
the oxygen content falls, fish and other forms of aquatic life die. When the 


oxygen disappears completely the water becomes grossly polluted and foul- 
nt process. 


smelling as anaerobic fermentation becomes the predomina: RUE 
The population explosion linked with its am nio B ke 
i an inevi „led to oil po. lution pr ` 

technology has, as an inevitable consequence, te p apne 


i i hes an 
attention has been focussed on the pollution of beaches. i z 
; as 
intentional or accidental) with oil. The Torrey Canyon disaster in 1967 


one of the first major accidents involving a large super-tanker, This Sp Y 
aground off the coast of Cornwall and discharged s PUER: Further 
crude oil, causing severe pollution of the sea and nearby s amc 
spills from oil tankers and offshore oil rigs have followed, caus! g 

public awareness and concern. ; 

Apart from these accidental discharges of oih minyo 
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fields. Subsequently they flush these out into the $i 7 Fes 
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Following an oil spillage, the oil has first to be contained as much as possible 
by using different types of floating barriers, and it is then either skimmed off 
for subsequent reclamation or dispersed using detergents. Care needs to be 
taken to ensure that the detergents used are not also harmful to plant and 
animal life. All oil discharges contain volatile components, and within a few 
days almost one-quarter of the spilt oil is lost through evaporation. Of the 
remainder most forms an emulsion with sea water, and a relatively small 
amount finds its way on to beaches in black tarry lumps. 

The long-term effects of oil spillages are currently under investigation and 
have yet to be fully appreciated. Short-term effects include those caused by 
coating and those due to the toxicity of the oil. The latter are immediately 
obvious when sea birds become coated with oil, reducing their ability to fly, 
their buoyancy and the thermal insulation of their feathers. In addition, oil 
spillages hinder photosynthesis and have an adverse effect on plant and animal 
life along shore lines. 

Strict regulations apply to the discharge of industrial effluents—waste 
containing organic and inorganic material from industry. The toxic properties 
of the heavy metals, such as lead and mercury, is well known. Most of these 
metallic pollutants eventually end up in surface waters. Unlike organic pol- 
lutants, metals cannot be degraded biologically or chemically in nature. They 
do collect and become concentrated in food chains, however, so that the higher 
members of the food chain can contain concentrations of these metals very 
much higher than those found in water, with consequent damage to health 
and fertility that sometimes leads to death. 

In particular the pollution due to mercury has received much publicity. It is 
used extensively in the production of electrical apparatus, in the chlor-alkali 
industry (see Section 14.3) and in fungicides. There is no known effective 
treatment for mercury poisoning and the damage done to the body is usually 
permanent. In 1953, fishermen and their families in Minamata Bay in Japan 
were stricken with a neurological disease. More than forty people died and 
many became paralysed. Eventually the cause was traced to methylmercury(1!) 
K(CH3); Hg] discharged into the sea by a plastics factory; the compound became 
concentrated in fish and shellfish which the people ate. 

Domestic effluents contain sewage and detergents. The harmful effect of 
untreated sewage is discussed above. The first noted pollution effect of de- 
tergents was the foam produced in Streams and rivers by the surfactant compon- 
ent. This was solved by making the surfactant biodegradable (that is, capable 
of being broken down by the micro-organisms in the water). Today the area 
of most concern is the presence in the water of phosphate ions from domestic 


washing powders, because of the relationship of phosphates with eutro- 
phication. 


15.5 Food Supply 


In Section 15.1 we pointed out that currently the world's population is in- 
creasing at an unprecedented rate. More people need more food. Increased 


NO —— 
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food requirements put pressure on food producers to improve their efficiency. 
Efficiency has undoubtedly improved but, although food production has in- 
creased enormously, this increase is almost nullified by the increase in popu- 
lation. In addition the increase in food production has been much more 
marked in the rich developed countries than in the developing countries, and 
this discrepancy has aggravated the growing gap between rich and poor. 


(a) Growing Food 

Food, like oxygen, is necessary for life. All living creatures require food as a 
source of energy and for the growth and replacement of tissues. Carbohydrates 
(see Section 12.8) and fats (see Section 14.14) are the components of food that 
provide energy, while proteins (see Section 12.10) are used for growth and 
replacement of tissue. In addition vitamins and minerals, which regulate body 
processes, and water are essential components of food. 

Plants are the ultimate source of our food supply, being the starting point 
in most food chains. Thus efficient plant growth is essential for food pro- 
duction. To grow efficiently, plants need the sun’s energy, water and carbon 
dioxide for photosynthesis (see Section 6.10). In addition efficient growth 
requires certain major nutrients such as nitrogen for the synthesis of amino- 
acids and subsequently plant protein, together with minor nutrients. If such 
nutrients are not present in sufficient quantity in the soil, the crops produced 
will be of low yield and quality. Nutrients must therefore be added to the soil, 
either in the form of organic material such as manure Or, more commonly, as 
chemical fertilizer (see Sections 6.7 and 14.10). The required amount of each 
nutrient (particularly nitrogen, phosphorus and potassium) can be calculated 
so as to give maximum growth. The addition of too much fertilizer, especially 
during periods of heavy rainfall, can lead to leaching out of these nutrients 
into water supplies, with the consequent pollution problems outlined in 
Section 15.4(b)(iii). 


(b) Crop Protection A ; 
Natural pests, including insects, rodents, weeds and fungi, compete with us 
for our means of survival, including our food supply. Chemicals used for 


destroying them are called pesticides. DDT, for example, which belongs to a 
group of compounds called chlorinated hydrocarbons, was used extensively 
sts. It became appar- 


and effectively in the early 1950s for controlling insect pe 
ent, however, that it was causing serious damage to birds and fish and also 
that some insects were building up an immunity to it. Its use pero 
declined, and in many countries is now prohibited altogether. yor recently, 
pesticides such as the pyrethrins have been developed from natural sources. 


These are non-toxic to bees and are degraded harmlessly in ee ae 
animals, though they are toxic t a 3a de T 


o fish. Hence they are u d. factories and 
; oe ri 
insecticidal sprays in households, aere 


food storage warehouses an! 
on domestic and farm animals. «i 
i ted 
The problems associated with the use of chemical P dite. crea! 
research interests in alternative pest control methods. These i f 
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(i) the use of biological controls where natural predators such as parasitic 
wasps are used to destroy insect pests; 

(ii) genetic control, such as the release of sexually sterile male insects to 
mate with female flies, which then lay infertile eggs; 

(iii) the use of attractants to lure insects into traps where they can be killed— 
a degree of control of the tsetse fly has been achieved in this way. 


(c) Food Preservation 
Producing food can benefit no one if the food spoils before it can be eaten. 
There are two major causes of food deterioration: 


(i) the effects of enzyme-catalysed chemical reactions, such as the browning 
of peeled potatoes and apples left exposed to the air, and 


(ii) the action of micro-organisms such as Salmonella and Clostridium 
botulinum. 


Enzymes can be decomposed by boiling the food. Such *blanched' food can 
then be preserved for long periods by freezing. Micro-organisms, which may 
infect the eater with disease or which may produce poisonous substances 
(toxins), feed on foodstuffs and flourish particularly in damp, warm (body 
temperature), non-acidic conditions. Methods of food preservation must take 
these conditions into account. Some are listed below. 


(i) Heating, as used in bottling and canning, not only decomposes enzymes 
but also destroys micro-organisms responsible for food deterioration. 

(ii) Refrigeration (usually below — 15*C) slows down enzyme reaction and 
inhibits micro-organism growth. 

(iii) Dehydration (drying) of, for example, fruit removes the moisture 
necessary for micro-organism growth. Dried fruit is in addition often treated 
with sulphur dioxide gas to form an acidic environment which further inhibits 
bacterial action. 

(iv) Preservatives such as salt for meat and fish, sulphur dioxide for fruit 
juices, and ethanoic acid (acetic acid) for preserving (pickling) vegetables such 
as onions, all prevent micro-organism growth. 

(v) Irradiation of food to kill micro-organisms is likely to play a more 
important role in food preservation in the future. 


15.6 Chemicals and the Human Body 


The use of chemicals to heal the body and the misuse of chemicals to intoxicate 
are both far older than any written record of civilization. The effects of some 
chemicals can be either beneficial or disastrous, depending on the circum- 
stances in which they are administered: heroin, for instance, has eased the 
pain of many terminally ill patients, and through its addictive nature has also 
tragically damaged many others who turned to it for excitement or support 
even though they were in good health. 


> 
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(a) Chemicals in the Prevention and Treatment of Illness 
Few of the medicines used today were available before World War II, and 
indeed many were not introduced until after 1960. Even as late as the 19305, 
reliance was often placed on natural products such as morphine and quinine. 
The war of 1939-45 stimulated research into the production of pharmaceutical 
chemicals because of the need to treat wounded soldiers. Additionally much 
research into tropical medicines took place to help combat infectious diseases 
which were prevalent in those parts of Africa, the Pacific islands and Asia 
where the fighting forces needed protection. 
The 1960s was a period of rapid growth in the production of medicines 
to combat heart disease, gastric ulcers, mental disorders, arthritis, cancer and 
allergies. Considerable success has been achieved in the chemical treatment of 
many of these disorders. This has led to a higher proportion of people sur- 
viving into old age and a change in the whole pattern of disease and 
mortality; diseases associated with ageing now dominate. 
The pharmaceutical industry is compelled to be dynamic because new in- 


fections such as Legionnaires’ disease and AIDS have appeared in recent years 


and a vigorous research programme needs to be maintained to combat these. 


Because of its involvement with the health of us all, the industry attracts 
much more debate and controversy (consider, for instance, the thalidomide 


disaster) than other high-technology industries. 


(b) Chemicals — their Abuse in Society 
All medicines are drugs, but not all dru; 
and alcohol are drugs but would not 
defined as any substance which alters t 
organism. A medicine is a drug which possesses useful prope 
prevention or relief of physical or mental symptoms. 
Alcohol (ethanol) is one of the most widely used 
acceptance should not mislead us into minimizing its 


produces drunkenness, disorientation, blurred vision and often vomiting. Intoxi- 
cation with alcohol is often followed by à *hangover which makes the sufferer 
feel sick, weak and dizzy. Even small amounts of alcohol impair driving 
ability. 

Inhalation of volatile substances SU um proni bn 
ether has been known for many years à n at first followe 
by slurred speech, headache, nausea and vomiting. Finally the user ice 
unconscious. The misuse of other drugs such as LSD ctn eM 
diethylamide or ‘acid’), cocaine, morphine, opiates, cannabis au Sal 2 
currently a cause for considerable concern in our society. Neither the r 


for drug misuse, nor its remedy, are yet fully understood. 


gs are medicines. Coffee, tea, tobacco 
be classified as medicines. A drug 1s 


he structure or function of a living 
rties in the 


of all drugs. Its social 
potential dangers. It 
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at were not considered to be serious thirty years ago. Chemists of the immedi- 


ate future will undoubtedly pay more attention to the personal and social 
aspects of technology, so that society may develop in a cleaner and healthier 


en 


vironment. 


Summary of Unit 15 


ig 
2. 


The chemical industry is essential to modern society. 

The world population is increasing dramatically, so more people require 
more food, fuel and energy, together with other natural resources. 

- Of our present energy resources, the fossil fuels are far the most im- 
portant. Oil, coal and natural gas are all fossil fuels. 


. Fossil fuels are a finite energy source, so alternative energy sources are 


required for the future. 


- Nuclear energy is at present the most important alternative energy source. 


Others include so/ar energy, tidal energy and geothermal energy. 


- The sea is one of our major sources of minerals, particularly bromine and 


magnesium. 

- A consequence of a modern technological society is a tendency to pollute 
the environment. 

- Air pollution is caused by carbon monoxide, oxides of nitrogen, hydro- 
carbons, sulphur oxides, and particulates. 

. Water pollution results from pesticides, fertilizers, raw and treated sewage, 
radioactive material and oil spillages. 


. Eutrophication results in oxygen depletion in lakes. 
- Increased food requirements put pressure on food producers to improve 


their efficiency. 


. Fertilizers can be added (as sources of nitrogen, phosphorus and potas- 


sium) to improve plant growth. 


. Pesticides such as the pPyrethrins (and previously DDT) are used to 


control pests. 


- Food preservation techniques are used to prevent enzyme and micro-organ- 


ism deterioration of food. 
. The chemical industry is constantl 


x y developing new medicines for the 
prevention and treatment of disease 


Test Yourself on Unit 15 


l. 


b x 


Mark the following statements true or false: 


(a) The world's population has doubled every hundred years since 1600 
A.D. 


(b) All fossil fuels contain carbon. 
(c) Natural uranium consists m 
(d) Sea water is a valuable s 
(e) Uranium is an example 


ainly of the isotope uranium-235. 
ource of bromine and magnesium. 
of a finite energy source. 
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2, Petrol is a mixture of liquid hydrocarbons. One of these is octane CaHis. 
(a) Write an equation for the complete combustion of CsHis in a car 
engine. 

(b) Name one gas (formed during incomplete combustion of CsH18) which 
is very poisonous in car exhaust fumes. 

(c) Why does a black solid collect in the exhaust pipe of a car using octane 
as a fuel? 

(d) In what form is lead added to petrol? 

(e) Why is the addition of lead to petrol a dangerous source of air pol- 
lution? 

3. River water often contains nitrates as a result of pollution. 


(a) Name a source of nitrate pollution. 
(b) What effect does this have on the growth of water weeds and aquatic 


plants? 
(c) What is the eventual effect on the fish population? 


4. The following is a list of gases: 


ammonia methane 

carbon dioxide nitrogen 

carbon monoxide nitrogen dioxide 
hydrogen oxygen 


sulphur dioxide 
Answer the following questions, using only the gases i 
may be used once, more than once or not at all. 
Give the name of the gas which: 
(a) is used by green plants in photosynthesis; 
(6) is an important raw material used in the ma 
(c) forms when a yellow solid is burned in air an 
acid rain; 
(d) is formed when carbon burns in a 
(e) is emitted into the atmosphere as 
and is also used as a household fuel; Ud 
(f) is responsible for producing photochemical smogs in cities such as Los 
Angeles; " 
(g) may be sprayed on to dried fruit to help preserve 1b E 
(h) is depleted A lakes and rivers during the process of eutrophication. 


n the list. Any gas 


nufacture of fertilizers; 
d is often a pollutant in 


limited supply of air; E: 
a result of bacterial decomposition 


i 4. 
Mark this test out of 24 with the answers provided on page 38 


Appendix: The Elements 


, Relative 
Aromia Name Symbol atomic mass iit: 
number configuration 
Approx. Accurate 

1 Hydrogen H 1-0 1-008 1 

2 Helium He 40 4-003 2 

3 Lithium Li 7-0 6-939 2.1 

4 Beryllium Be 9-0 9-012 2:2 

5 Boron B 11 10-81 23 

6 Carbon iC 12 12-01 24 

7 Nitrogen N 14 14-01 2:5 

8 Oxygen (0) 16 16-00 2.6 

9 Fluorine F 19 19-00 27 
10 Neon Ne 20 20-18 2.8 
11 Sodium Na 23 22:99 2.8.1 
12 Magnesium Mg 24 24.31 2.8.2 
13 Aluminium Al 27 26:98 2.8.3 
14 Silicon Si 28 28-09 2.8.4 
15 Phosphorus P 31 30-99 2.8.5 
16 Sulphur S 32 32-06 2.8.6 
17 Chlorine CI 35-5 35-45 2.8.7 
18 Argon Ar — 40 39-95 2.8.8 
19 Potassium K 39 39-10 2.8.8.1 
20 Calcium Ca 40 40-08 2.8.8.2 
21 Scandium Sc 45 44-96 2.8.9.2 
22 Titanium Ti 48 47-90 2.8.10.2 
23 Vanadium V 51 50-94 2.8.11.2 
24 Chromium Cr 52 52-00 2.8.12.2 
25 Manganese Mn 55 54-94 2.8.13.2 
26 Iron Fe 56 55-85 2.8.14.2 
27 Cobalt Co 59 58-93 2.8.15.2 
28 Nickel Ni 59 58-71 2.8.16.2 
29 ^ Copper Cu 6395 6354 2.8.17.2 
30 Zine Zn 65 65:37 2.8.18.2 
31 Gallium Ga 70 69-72 2.8.18.3 
32 Germanium Ge 725 72:59 2.8.18.4 
33 Arsenic As 75 74:92 2.8.18.5 
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4 Relative 
a Name Symbol atomic mass Electron 
number y configuration 
Approx. Accurate 
34 Selenium Se 79 7896  2.8.18.6 
35 Bromine Br 80 7991 — 2.8.18.7 
36 Krypton Kr 84 8380 —2.8.18.8 
37 Rubidium Rb 855 8547  28188.1 
38 Strontium Sr 87-5 8762 281882 
39  Yttrium Y 89 889] 281892 
40 Zirconium Zr 91 9122 2.818.102 
4l Niobium Nb 93 9291] 28.18.12. 
42 Molybdenum Mo 96 9594 2818.13. 
43 Technetium Tc (99) (99) 2.8.18.14.1 
44 Ruthenium Ru 101 101-1 2.8.18.15.1 
45 Rhodium Rh 103 102-9 2.8.18.16.1 
46 Palladium Pd 1065 1064 28.18.18 
47 Silver Ag 108 107-9 2.8.18.18.1 
48 Cadmium Cd 1125 1124 2.8.18.18.2 
49 Indium In." 115 114-8 2.8.18.18.3 
50 — Tin Sn 119 187 — 288.184 
51 Antimony Sb 12 121:8 2818185 
52 Tellurium Te 1275 1276 2.8.18.18.6 
53 Iodine I 127 126-9 2.8.18.18.7 
54 Xenon Xe 131 1313 28.18.18.8 
55 Caesium Cs... 183 139 — 2818.18.81 
56 Barium Ba 137-5 1373 2.8.18.18.8.2 
57 Lanthanum la 139 1389  2.8.18.18.9.2 
58 Cerium Ce 140 140-1 2.8.18.20.8.2 


- p i Mp 009 — 28182182 
a EN 1442 — 28182282 


60 ^ Neodymium Nd 144 

6l Promila Pm (145) (145) 2.8.18.23.8.2 
62 Samarium Sm 1505 1504 28182482 
63 Europium En. 152... 1520 23182582 
64 Gadolinium Gd 157 15:3 28182 it 
65  Terbium Tb :159 eee 28.182782 
66 Dysprosium py 1625 1623 Tite 
67 Holmium Ho 165 1649 D: mor 
68 Erbium Er 167 1673 UTE 
69  Thulium Tm 169 1689 CE 
70 Ytterbium yb 173 173-0 ae 
5» mu iu is 281832.102 
n qu Ht 1795 9 — 281832112 


73 Tantalum Ta 4 
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Atomic Relative Electron 
number Name Symbol atomic mass configuration 
Approx. Accurate 
74 Tungsten w 184 183-9 2.8.18.32.12.2 
75 Rhenium Re 186 186-2 2.8.18.32.13.2 
76 Osmium Os 190 190-2 2.8.18.32.14.2 
77 Iridium Ir 192 192-2 2.8.18.32.17 
78 Platinum Pt 195 195-1 2.8.18.32.17.1 
79 Gold Au 197 197-0 2.8.18.32.18.1 
80 Mercury Hg 200.5 200-6 2.8.18.32.18.2 
81 Thallium TI 2045 — 2044 2.8.18.32.18.3 
82 Lead Pb 207 207-2 2.8.18.32.18.4 
83 Bismuth Bi 209 209-0 2.8.18.32.18.5 
84 Polonium Po (209) (209) `  2.8.18.32.18.6 
85 Astatine At — (210) (210) 2.8.18.32.18.7 
86 Radon Rn (222) (22) 281832188 
87 Francium Er — (223) (223) 2.8.18.32.18.8.1 
88 Radium Ra (226) (226) 2.8.18.32.18.8.2 
89 Actinium Ac (227)  (Q27 2818321892 
90 Thorium Th 232 232.0 2.8.18.32.18.10.2 
91 Protactinium Pa (231) (231) 2.8.18.32.20.9.2 
92 Uranium U 238 238-0 2.8.18.32.21.9.2 
93 Neptunium Np (Q3) Q3) 2.8.18.32.22.92 
94 Plutonium Pu (244 (244) 2818322482 
95  Americium Am (243) (43) 2818322582 
96 Curium Cm (247)  (Q47 2818322592 
97 Berkelium Bk (247) (247) 2.8.18.32.26.9.2 
98 Californium Cf. (251) (251) 2.8.18.32.28.8.2 
99 Einsteinium Es (254) (254) 2.8.18.32.29.8.2 
100 Fermium Fm (253) (253) 2.8.18.32.30.8.2 
101 Mendelevium Md (256) (256) 2.8.18.32.31.8.2 
102 Nobelium No (253) (253) 2.8.18.32.32.8.2 
103 Lawrencium Lr (57  Q537) 2.8.18.32.32.9.2 
Note 


Some relative atomic masses are cited in parentheses, to indicate that they 
refer to the most stable or best-known isotope of the element concerned. 


Examination Questions 


Questions have been included from many examination boards. The sein 
wish to thank the undermentioned authorities for granting permission for the 
reproduction of examination questions: 


Joint Matriculation Board [JMB] 

University of London Schools Examinations Department [L] 

Northern Ireland Schools Examination Council [Ni] 

Southern Examining Group (GCSE specimen questions) [s] : 
Northern Examining Association (Associated Lancashire Schools Examin- 
ing Board, Joint Matriculation Board, North Regional Examinations pom 
North West Regional Examinations Board, Yorkshire and Humberside 
Regional Examinations Board) specimen questions for 1988 GCSE syllabus 
‘A’ [N] 

London and East Anglian Examining Board [L & Ea] 


Objective Questions 


(a) Matching Pairs h ber 
In th aur airs’ questions, each num 
e following ‘matching pairs qu Within edd question each letter 


accompanied by a set of alternative answer 
may be used once, more than once or not at all. 


ed question is 


l. From the list A to D below 

A condensation 

B distillation 

C evaporation 
i D filtration 

select the process which ; d cheaply, 

(a) can Ds used to separate sand from water most ewe 
(b) causes water to collect on classroom dus gas back to à liquid. 
(c) involves the change of a liquid to a 85 ant? IN] 


s states in which matter 


2. The alternatives A to E describe some of variou 
may be found. 

A solid only 

B solid and liquid 

C liquid only 

D liquid and gas 

E gas only 
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Select, from the list A to E, the alternative which best describes the state 
or states of matter 
(a) consisting only of particles which move randomly and are held together 
by forces of attraction, 
(b) present when a solution is being distilled, 
(c) leaving the catalyst chamber in the contact process. [MB] 


3. Questions (a) to (d) concern the following practical methods: 
chromatography 
crystallization 
distillation 
electrolysis 
filtration 
Choose, from A to E, the method which would be used to 
(a) isolate nitrogen from liquid air, 
(b) separate coloured substances in a sample of coloured soft drink, 
(c) separate petrol from crude oil, 
(d) separate a drug which has been precipitated from a solution. [L & EA] 


mogouvo» 


4. Using the letters A to L, match the descriptions given with the sub- 
stances shown below them. 


Description 

yellow-green gas 
brown powder 
blue crystals 
red-brown liquid 
white powder 
red crystals 


red-brown gas 
black powder 
silver liquid 
yellow powder 
pale green crystals 
blue liquid 


"nmogouvo» 
Sn Soin e 


Substance 
copper sulphate 
zine oxide 
iron(i) sulphate 
carbon (graphite) 
sulphur 
bromine 
chlorine 
mercury [Ni] 


re 
23 
11 L 
32 
16 
35 
iT 
38 
18 Z 


moowvc» 
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Which one of the atoms listed A to E 
(a) can form an ion with a single negative charge? 
(b) does not react with either oxygen or hydrogen? 
(c) could form a covalent compound of the type XH,? 
(d) has the same number of occupied principal energy levels as an atom of 
oxygen? [IMB] 
6. The following substances are well-known laboratory reagents Or 
catalysts: 
A hydrogen peroxide 
B iron 
C nickel 
D manganese(Iv) oxide 
E vanadium(v) oxide 
For each of the processes in questions (a) to (d), select from the list A to E 
the substance which is used for the purpose stated: 
(a) the reagent in the common laboratory preparation of oxygen, 
(b) the catalyst in the manufacture of sulphuric acid, 
(c) the catalyst in the manufacture of ammonia from nitrogen a 


rogen by the Haber process, ^ 
(d) an oxidizing agent in the laboratory preparation of chlorine. [v] 


nd hyd- 


7. Questions (a) to (d) concern the following graphs: 


A B S 


vessel and contents 


o 


Milliammeter reading 
Mass of precipitate 
Mass of reaction 


o Volume o Volume Ame 
added added 


m 


Counts per minute 
Temperature 


Time Mus 


Select from A to E the graph which best represents à change taking place in 


each reaction represented below. 
(a) 743Bi ^ 744Po +$ 
(b) H20q) > H20) 
(c) 2H2O2(aq) ^ 2H50( stg Or) 
(d) BaClzaa + Na2SOsiaa) > BaSO4 + 2NaClao [L] 
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8. 
addition 
combustion 
cracking 
fermentation 
dehydration 
Which one of the above processes, A to E, is involved in the conversion of 
(a) butane to carbon dioxide and water vapour? 
(b) C20H42 to C2H4? 
(c) C&H1206 to C2H5OH? 
(d) ethene to ethanol? [MB] 


moOomw» 


9. Questions (a) to (d) concern the diagram below, which shows parts of 
the periodic table divided into five sections labelled A, B, C, D and E. 


[] 


Hm lh * f 


Select, from A to E, the section in which you would find a 

(a) gas which forms no compounds, 

(b) metal which produces hydrogen when added to water, 

(c) metal which floats on water, 

(d) metal which is used for making the water pipes in a domestic hot water 
system. [L & EA] 


| 
(^) Multiple Choice Questions 
In each of the following questions, a statement or question is followed by five 


written alternative responses, A, B, C, D and E. You are required to decide 
Which of these alternatives is the best answer. 


10. The diagram represents the results obtained when paper chromatog- 
raphy was used to identify the two substances present in a mixture. 


Which two substances are most likely to be present in the mixture? 
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X and Z 
W and X 
W and Y 
Y and Z 
W and Z [L & BA] 


moomwc» 


11. If fine pollen grains on the surface of water are examined under a 
microscope, it will be seen that the pollen grains are in random motion, fre- 
quently changing direction. The movement is most likely to be due to 
air draughts blowing on the water, 
chemical reaction between the pollen and the water, 
attraction and repulsion between charged particles, 
collisions between water molecules and pollen grains, 


diffusion of pollen grains. [L & EA] 


moawp 


12. What is the maximum mass of iron, in grams, which can be extracted 
from 80 g of iron(im) oxide, Fe2O3? (Relative atomic masses: Fe = 56,0 = 
16) 


mogouw» 
AB 
oO 


56 [L] 


13. Which of the following contains the same number of atoms as 6 g of 
magnesium? (Relative atomic masses: C = 12, Mg = 04. 9/232; Ca = 40, 
Fe = 56, Zn = 65.) 

4 g of carbon 
8 g of sulphur 
5 g of calcium 
28 g of iron 
13 g of zinc 


moo» 


14. 18 g of water is liberated when 0:2 mole of a crystalline salt is heated 
to constant mass. Which one of the following represents the number of moles 
of water of crystallization combined with 1 mole of the salt? (Relative atomic 
masses: H = 1, 0 = 16.) 


mogou» 
eo -1 tn 2 — 


15. The element antimony has the symbol Sb. If the formula for antimony 
oxide is Sb,O,, what is the correct formula for antimony sulphate? 
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A Sb;(SO,), 
B SbSO, 

C Sb,SO, 

D Sb(SO,), 
E Sb,(SO,), 


16. The relative molecular mass of an oxide MO is 223. What is the rela- 
tive molecular mass of the oxide M304? 
A 685 
B 700 
C 707 
D 717 
E 885 
(Relative atomic mass: O = 16) [Ni] 


17. The equation for the reaction occurring when butane burns is 
CH;, + 610, — 4CO, + 5H,0; AH = —2877 kJ mol! 
How much butane will liberate 2877 kJ on burning completely in oxygen? 
1 dm? 
1 mole 
6:5 mole 
7-5 mole 
1 kg 


moouw» 


18. How many grams of sodium hydroxide, NaOH, must be dissolved to 
make 250 cm? of 1-0 M solution? 


A 10g 
B 0g 
C 40g 
D 80g 
E 250g 
(Relative atomic masses: H — 1, O — 16, Na — 23) [Ni] 


19. When chlorine gas reacts with iodine monochloride, the following 
equilibrium is set up: 


IClo T Ch = [Cls 


Which one of the following statements about this equilibrium is NOT correct? 
Removing the chlorine gas causes the amount of solid to decrease. 
When all the solid is removed, the forward reaction stops. 

The forward and backward reactions are going on at the same rate. 
The proportions of the three substances remain constant. 

Both forward and backward reactions continue to take place. 


moo» 


fu 
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20. 0-01 mole of sodium and 0-01 mole of potassium were reacted separ- 
ately with excess water at the same temperature and pressure. Which of the 
following is true? 


Initial reaction rate Volume of hydrogen 
A faster with potassium same in each case 
B same in each case greater with potassium 
C faster with sodium same in each case 
D faster with potassium greater with potassium 
E faster with potassium greater with sodium 


21. The reaction taking place at the negative electrode during the electro- 
plating of copper can be represented by the equation 
A Cu Cv?* +2e 
B Cu2*+e>Cu 
C Cu?t+2e > Cu 
D Cu**++2e > 2Cu [N] 


22. Which of the following substances will conduct electricity by movement 
of ions? 
mercury 
lead(11) bromide crystals 
graphite 
sodium 
molten sodium hydroxide 


mogouw» 


23. A substance must be an acid if 

it liberates ammonia from an ammonium salt 

it is the oxide of a metal 

it forms hydrogen ions when added to water 

it reacts with a base to form a salt and hydrogen 

an aqueous solution of it produces oxygen at the anode during elec- 
trolysis 


mogomw» 


24. Which of the following 1:0 mol dm^? solutions would have the lowest 
pH value? 
potassium hydroxide 
sodium nitrate 
aqueous ammonia (ammonium hydroxide solution) 
ethanoic acid (acetic acid) 
nitric acid 


moomuvc» 


25. Which of the following oxides is amphoteric? 
A aluminium oxide 
B sodium oxide 
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c 


carbon dioxide 


D magnesium oxide 


E 


phosphorus(v) oxide (phosphorus pentoxide) 


26. Theelement W reduces the oxide of element X, but has no reaction with 
the oxide of element Z. Element Y, however, will reduce the oxide of both 
elements X and Z. 

The order of reactivity of these elements, with the most reactive first, is 


A XYWZ 

B YXWZ 

c WzxyY 

D WXYZ 

E YZWX Iu 
27. Which of the following statements about temporarily hard water is 

INCORRECT? 

A it contains metallic cations, usually calcium and magnesium 

B it contains hydrogencarbonates which can be removed by boiling 

C it can be softened by adding sodium carbonate 

D it does not cause a scum with soap 

E 


it can be softened by using Permutit ion-exchange resins 


28. Which one of the following gases is often used in the laboratory as a 
reducing agent? 


moovo» 


oxygen 
carbon dioxide 

hydrogen 

nitrogen 

chlorine [Ni] 


29. Aluminium is obtained industrially by 


w > 


moo 


reaction of aluminium oxide with carbon in a blast furnace 
reaction of aluminium oxide with carbon monoxide in a blast 
furnace 

electrolysis using aluminium chloride 

electrolysis using aluminium sulphate 

electrolysis using aluminium oxide [L & FA] 


30. Which one of the following is a true description of the industrial 
manufacture of ammonia by the Haber process? 


"m coo» 


combination of nitrogen and hydrogen; no catalyst; high pressure 
combination of nitrogen and hydrogen; iron catalyst; low pressure 
combination of nitrogen and hydrogen; iron catalyst; high pressure 
combination of nitrogen, hydrogen and oxygen; iron catalyst; low 
pressure 


combination of nitrogen, hydrogen and oxygen; iron catalyst; high 
pressure 
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31. Which of the following is an incorrect statement about the halogens 
(Group 7) as the group is descended (F — I)? 
the oxidizing power of the elements decreases 
the reactivity of the elements decreases 
the size of the atom increases 
the boiling points of the elements increase 
the ability to gain an electron increases 


moouvo» 


32. Which of the following would help to decide whether a liquid was a 

saturated or unsaturated hydrocarbon? 

A Test to see whether it will decolorize bromine water. 

B Test to see if it will burn. 

C Test to see whether it mixes with water. 

D Heat a drop strongly with excess copper(I) oxide to see whether it 
gives carbon dioxide. 
See if it can be cracked to give a gas [i] 


m 


33. What type of process occurs when sugar is converted into alcohol 
(ethanol)? 
hydrogenation 
fermentation 
cracking 
polymerization 
hydrolysis 


mogouvo» 


34. Each of the following compounds contains nitrogen in a form suitable 
for application as a fertilizer. Which compound would supply the greatest 
mass of the element nitrogen for each kilogram of the compound applied to 
the soil? 


Compound Formula Relative molecular mass 
A ammonium bromide NH4Br 98 
B ammonium sulphate — (NH4)2SOs 132 
C ammonium nitrate NH4NO3 80 
D sodium nitrate NaNO3 85 
E potassium nitrate KNO3 101 [L & EA] 


copper(11) sulphate solution is 
d a pure copper anode. What 
passing of 2 faradays 


35. In the manufacture of pure copper, 
electrolysed using a pure copper cathode an 
mass of copper would be deposited on the cathode by the 
of electricity? (Relative atomic mass of Cu = 64.) 


mogomw» 
z 
[uz] 
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36. An atom of an element X contains 19 protons and 20 neutrons. Which 
of the following represents an atom of X? 


mogouo» 
es 
Fag 


37. A mixture of water and crushed ice was heated gradually, with a con- 
stant flame and efficient stirring, until the mixture boiled for a short time. 
If the temperature of the mixture was plotted against time (1), which graph 


would be obtained? [L] 
A 
100°C 100°C 
oc OG 
o ; DUE : 
t/minutes t/minutes 
c 
100 °C 
o% 
o R 
t/minutes 
100 °c 9 100 °C E 
0 'c o% 
o 3 
t/minutes t/minutes 


38. Which of the following pollutants is thought to be the most likely to 
cause mental retardation in children? 
carbon monoxide (from the incomplete combustion of fossil fuels) 
lead compounds (found in car engine exhaust gases) 
carbon dioxide (from the combustion of fossil fuels) 
oxides of nitrogen (from the burning of coal, oil and petrol) 
sulphur oxides (from the combustion of fossil fuels) 


Structured Questions 


39. The table shows the 
A, B, C and D. 


va 


mgowve» 


melting points and boiling points of substances 
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Boiling point 
in°C 


Melting point 
in °C 


Substance 


b seen substance is a liquid at room temperature? 
oe ien substance is a gas at room temperature? 
i Sen substance cannot be a metal? 

ich substance is likely to be an ionic compound? [s] 
40. This question i 
: i , å = 
Tp tabs is about elements, their properties, and their positions 


Block S Block D 
ements listed below, and no 


U n 
se the skeleton periodic table above and the el 


others, to answer the questions which follow. 

Elements to be used Argon Ar Iron Fe 
Bromine Br Lithium Li 
Copper Cu Neon Ne 
Helium He Potassium K 
Iodine I Silicon Si 


ld be placed in Group I. 


(a) Name Two elements from the list which shou i 
list which should be placed in Block D. 


(b) Name Two elements from the 
in Group 0. 


(c) Name Two elements which should be P in 
ts which should ced in Group VIL. 


(d) Name Two elemen 
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(e) Name the elements X and Y. 
(f) Which one of the elements in Group II will be the most reactive? State 
a reason for your choice. 


Some data about an element and its chloride are: 


Melting point/^C Boiling point/^C 


Element 120 444 


Chloride 


—80 136 


(g) Is this chloride likely to conduct electricity? Give a reason for your 
answer. 

(h) Draw and label a diagram of the apparatus you would use to attempt 
the preparation and collection of a sample of this chloride using the element 
and chlorine only. (You may assume that a supply of pure dry chlorine is 
available.) 

(i) State ONE important safety precaution which must be taken when 
performing the above experiment. [L] 


41. Fizzy drinks can be made by dissolving carbon dioxide gas, under 
pressure, into water. The drink is kept in a tightly stoppered bottle until need- 
ed. When the stopper is removed bubbles of carbon dioxide form making the 
drink fizzy. 

The carbon dioxide first dissolves in the water and some of the dissolved 
gas may react with water to form carbonic acid. 


CO aq = CO; Equation 1 
CO2(aq) + H200) = H2CO4(aq) Equation 2 
(a) Use Equation 1 to explain the appearance of bubbles of carbon dioxide 
when the stopper of a fizzy drink bottle is loosened. ; 
(b) Unless the bottles are tightly stoppered, these drinks tend to lose their 


fizziness quickly on warm days. Use Equation 1 to explain why this happens. 


(c) What advantage may be gained by keeping bottles of water in the fridge 
before making fizzy drinks? 


(d) Write an equation to show how H3CO3 can behave as an acid in water. 
When carbon dioxide is bubbled into lime-water a white precipitate of calcium 
carbonate forms. An equation for the reaction may be written as follows. 

H2CO3¢ag) + Ca(OH) aq) = CaCO3 + 2H20q Equation 3 
If more carbon dioxide is bubbl 


l 6 ed into the mixture, the cloudiness disappears 
and a solution of calcium hydrogencarbonate is formed as shown below. 


H2COs3¢aq) + CaCO3, = Ca(HCO3)2,aq) Equation 4 
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(e) Write TWO separate ionic equations to summarize the reactions indi- 


cated by Equation 3. 

(f) Use Equation 4 to explai 
contain calcium ions (Ca?*). 

(g) How do the equations given abov 
deposits (such as kettle fur) in vessels use 
districts? 

(I) Sodium stearate (C17H3sCOONa) is a typical simple soap. Why is its 
use as a soapy detergent limited by the calcium ions which are often present 
in water? [s] 


n how domestic water supplies in many places 


e explain the formation of white 
d to boil tap water in hard water 


42. When copper(11) sulphate solution is electrolysed between platinum 
place can be written as 


electrodes, the equation for the overall changes taking 
2CuSO,q + 2H20 a) > 2C4%® + Oz + 2H2SO4iaa) 


(a) (i) Describe what you would SEE at the cathode. 
(ii) Write an ionic half-equation for the reaction occurring at the 
cathode. 

(b) (i) Describe what you SEE at the anode. 

(ii) Describe a test for the anode product. 
(ii) Write an ionic half-equation for the reaction occurring at the 
anode. 

(c) One mole of gas molecules o 
atmospheric pressure. The relative atomic mas 
charge carried by one mole of electrons (faraday 

If 127 g of copper are produced, calculate the 

(i) volume of oxygen, measured at room temper 


pressure, that would be produced in the same time, 

(ii) length of time for which a current, of 09 A NOA 
maintained to form these amounts of products. 

(d) Copper can be purified using electrolysis. State what yo 


ccupy 24 000 cm? at room temperature and 
s of copper is 63:5 and the 


) is 96 500 coulombs. 


ature and atmospheric 


ld have to be 


u would use as the 


(i) cathode, 
(ii) anode, 
(iii) electrolyte, 
(iv) During this process a slim 
Give the name of the electrode un 
(v) Suggest a reason why à part of the slime 


udge forms under one electrode. 
der which it forms. 
may be valuable. [L & FA] 


e or sl 


r, à reversible reaction occurs 


43. (a) When ammonia dissolves in wate 
which can be represented by the equation 
NHag + H500 = NH 4a) + OH aa) 


(i) State which two particles present pion: as bases: 
Gi) Give an explanation of your answer In V^. à en 
(b) Whena hie of hydrochloric acid is mixed with a solution of a 


another reaction occurs. 
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(i) Name the type of reaction. 
(ii) Write the simplest ionic equation to represent the reaction. 


(iii) Name the solid compound which could be obtained fron the result- 
ing solution. 


two acids, 


44. (a) Nitric acid is Produced from ammonia by the sequence of changes 
Shown in the diagram. 


(c) A green powder is added to dilute nitric acid. It fizzes, giving off carbon 
dioxide and forming a blue solution. Identify the green powder. 
(4) The diagram of the nitrogen cycle in Fig. 6.8 (page 122) may help you 
to answer this part. Nitrates are used as fertilizers, 
(i) What class of compounds is formed from nitrates in plants? 
(ii) Why cannot atmospheric nitrogen be used as a fertilizer by most green 
plants? 
(iii) Plants are not able to absorb ammonium compounds, so how are these 
compounds able to act as fertilizers? 
(iv) How can the use of too much nitrate fertilizer cause water pollution? 
(e) Calculate the Percentage by mass of nitrogen in ammonium sulphate, 
(NH.);SO,. (Relative atomic DESSUNISUA H1$23. 0-16) [s 


45. Titanium is the eighth most abundant element in the earth's crust. It is 
more abundant than Copper. It occurs in titanium(1v) oxide which is present 
to the extent of 0,0] per cent in much sea-shore sand. The metal is extracted 
by first converting the titanium(1v) oxide to titanium(rv) chloride. The tita- 
nium(tv) chloride is then heated with sodium. 


Titanium has a lower density than iron, is stronger than steel and is also 
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resistant to corrosion. Information about the abundance (in parts per million) 
and cost of titanium and copper are given in the table below. 


Titanium Copper 
Abundance (p.p.m.) 4400 55 
Cost (£/tonne) 3700 800 


(a) Write the formula of the naturally occurring oxide of titanium. 
(b) (i) What reagent might be used to convert titanium(IV) oxide to 
titanium(1v) chloride? 
(ii) Complete the symbol equation for the reaction between titanium(IV) 
chloride and sodium. 


TiCl, + 4Na > 


(c) Suggest two reasons why titanium metal is more expensive than copper. 

(d) Describe how simple cells could be set up and used to place titanium in 
the reactivity series of metals. 

(e) Give Two reasons why titanium is particularly suitable for replacement 
hip joints. [N] 


: 46. Below is a diagram of a blast furnace in which iron is extracted from 
iron ore. 


Iron ore + limestone + solid X 


Gas Y—— = Gas Y 


Molten slag 


Iron 


(a) Give the name of (i) solid X, (ii) gas Y. 
(b) Why does the molten slag float on top of tne 
" (c) The inside of the furnace is hot. What chemica 
eat? 
(d) Most iron is made into steel. What is the differen 
steel? 


f the molten iron? i 
1 reaction produces this 


ce between iron and 


366 Success in Chemistry 


(e) Name one metal other than iron used in the alloy stainless steel. 
(f) (i) What is the advantage of using stainless steel instead of iron? 
(ii) Name oNE object made of stainless steel. 
(g) Oxygen is used to convert iron into steel. What is the oxygen used for? 
(A) (i) From what raw material is the oxygen obtained? 
(ii) What method is used to obtain the oxygen in (h)(i)? 
(i) Name one alloy containing no iron. [L & Ea] 


47. Rock salt is an important worldwide resource. It may be crushed and used 
without further processing, purified to give cooking salt or used as a source of 
raw materials for the chemical industry. 

(a) State ONE advantage and ONE disadvantage of using salt in cooking. 

(b) Draw a diagram to show how you could make and collect a small 
quantity of chlorine gas in the laboratory by the electrolysis of brine. 

(c) Write an ionic equation for the formation of chlorine. Explain why 
sodium ions and hydroxide ions collect at the other electrode. 

(d) Chlorine is used in the manufacture of many useful products. Name 
TWO such products or groups of products and give an example of the use of 
each substance (or group of Substances) you have named. [N] 


48. The substance ethanediol (C2H602) is used as an antifreeze. It is made 
from ethene according to this equation: 


water, air, catalyst 
C2H4 SSS A, C2H602 


ethene ethanediol 


The relative atomic masses are C = 12; H = I; O= 16. 
(a) State ONE use of antifreeze. 
(b) What is a catalyst? 


(c) Calculate the relative molecular mass of ethene. 
(d) Calculate the rel; 


ative molecular mass of ethanediol. 
(c) Calculate the mass of ethanediol that could be made from 5.6 g of 
ethene. [s] 


_ 49. The general formula for members of the alkane series of hydrocarbons 
is C,H>,4>. Methane is the first member, 


(ii) Why is carbon monoxide dangerous? 


(4) The fifth member of the alkane Series is called pentane. Work out its 
molecular formula. [s] 


50. Read the passage below and then answer the questions which follow. 


E N 
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Hydrogen as a fuel 
With the world’s fossil fuel resources rapidly dwindling, considerable research 


is being directed towards finding a replacement for them. One such fuel is 
hydrogen, despite the difficulties associated with its manufacture from water, 
potentially its major source. The main problem of its economical extraction is 
associated with the strength of the hydrogen/oxygen bonds, which require 
about 460 kJ mol^! to break them. 


Apart from its manufacture, there are also many problems attached to the 


use of hydrogen. How can it be transported safely? Can it be used in modern 
problems? Are the hazards 


engines without causing too many re-design 

associated with its use acceptable? On the credit side, it has much to commend 
it. Its combustion product, when it is burnt with pure oxygen, is virtually 
pollution free; although if it were mixed with air and used in internal com- 
bustion engines in the same way as conventional fuel, this mixture would still 
produce oxides of nitrogen. Furthermore, because of its much faster burning 
rate, a different carburettor system would be needed. One way of overcoming 
this problem would be to use the gas in fuel cells which, unlike petrol, are able 
to generate electricity very efficiently. However, with present-day technology, 
fuel cells are unable to cope with the relatively large amount of power needed 


to drive a vehicle. 
As an aircraft fuel, mass for mass, hydrogen is able to deliver about three 


times as much energy as kerosene. This would reduce the problem of having 
to dump fuel if an aircraft were to turn back after take-off. On the other 
hand, the volume needed to store the fuel is greater than the corresponding 
volume needed for kerosene, mainly on account of its different state. Lique- 
faction may be the answer, but then the maintenance of a very low temperature 
is a serious problem. However, in spite of all the difficulties associated with its 


use, the future prospects of hydrogen are encouraging, and, if the main ob- 
stacle to its extraction can be overcome, it has great potential as à replacement 


for fossil fuels. 


(a) What factor makes the extraction of hydrogen from water a particularly 


difficult problem? 
(b) How much energy is needed to sepa 
water? 
(c) (i) Why is the combusion product ‘virtually pollution free"? ae 
(ii) What pollutants could still be produced if hydrogen were asa 
fuel in an internal combustion engine? 
(iii) Explain briefly how these pollutants would be formed. er 
(iv) What other property of hydrogen presents à problem when hy 
rogen is used in internal combustion engines? 
(v) What advantage would a ieee fuel cell have 
as an energy source for motor ve icle el 
(vi) What prevents a fuel cell being used in pesat hei aun in 


(d) (i) What particular property of hydrogen gives i 


rate all the atoms in one mole of 


over petrol 


conventional aircraft fuels? 
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(ii) Why would the use of hydrogen as a fuel reduce the wastage in the 
event of a fault developing soon after take-off? [yma] 


Essay-type Questions 

51. (a) Describe briefly how oxygen is obtained for large-scale use from 
the air. 

(b) Explain the involvement of atmospheric oxygen in the carbon cycle by 
describing 

(i) one process by which oxygen is removed from the air, and 
(ii) the replacement of oxygen into the air. 

(c) What changes, if any, would be seen if the following were placed in 
separate jars or tubes of oxygen? Write equations for any reactions which 
occur. 

(i) burning sulphur 
(ii) pH indicator 
(iii) burning magnesium ribbon [mB] 


52. (a) Representing each covalent bond by a single line between two atoms, 
use diagrams to show the bonding in one molecule of (i) methane, (ii) 
ammonia, (iii) water. Beneath each structure, give the physical state of each 
compound at room temperature and pressure. 

(b) Account for the ionic bonding between sodium and chlorine in sodium 
chloride and for its physical state at room temperature and pressure. 

(c) Give three general properties in which simple ionic and covalent com- 
pounds differ, and state how they differ in each case. 

(d) Magnesium oxide is an ionic compound. Explain why the melting 
point of magnesium oxide is much greater than that of sodium chloride. 

(e) Explain why the melting point of diamond is greater than 3000 °C. i 

[IMB 


~ > = On treatment with barium chloride solution and (ii) a 
gas, J, on addition to sodium carbonate. 


€ 


Answers to Test Questions 


Unit 1 

1. A = sublimation 
B = melting 
C = freezing 


D = vaporization/evaporation 
E = condensation 


2. (a) evaporation 
(b) fractional distillation 
(c) sublimation 
(d) filtration 
(e) chromatography 


3. (a) true 
(b) false (it gives only an order of magnitude) 
(c) true 


(d) true 


4. (a) (iv) 
(6) () 
(c) (v) 
(d) (vi) 
(e) (iii) 
( (i) 


LEGEN 


6. The nucleus of the potassium atom con 
(1 mark) and 20 neutrons (1 mark) Y 
7. Nitrogen isotopes have the same atomic ees 
a mark) and different mass numbers (1 mark). ab 
contains seven neutrons, the other eight neutrons mark 


tains 19 protons 


(5 
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Unit 2 
l. 25? 


2. (a) true 
(b) false 
(c) true 
(d) true 


3. (b) atomic number 


4. (i) set(c) 
(ii) set (b) 
(iii) set (a) 
(iv) set (d) 
(v) set (e) 


5. (a) Magnesium 2.8.2 

Chlorine 2.8.7 

(b) To attain the noble-gas structure of argon (1 mark); 
by gaining one electron it completes its outer stable 
octet of electrons (1 mark). 

(c) Mg?* 

(4) Mg?* Cl, 

(e) High melting point 
Forms a giant strongly bonded ionic lattice. 


6. Because sodium chloride exists as ions within a giant 
lattice structure. No Separate molecules exist in such 
a structure. 


Ammonia exists as Separate small covalently bonded 
molecules. 


7. (a) true 
(6) false 
(c) true 
(d) true (once formed, the dative covalent bond is indis- 
tinguishable from an ordinary covalent bond) 


8. Methane exists as Separate covalently bonded CH, 
molecules (1 mark). The forces between these molecules 
are weak and hence methane is a gas (1 mark). 


other carbon atoms by strong covalent bonds. Much 
energy is necessary to break these bonds and melt the solid 
) 


b 


(1 mark) (1) 


0 
un 
ü a 
(lo, )@) 


(4) 


TOTAL: 30 
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Unit 3 


1. (a) Mass of oxide— mass of lead — mass of oxygen 


1434g—12:42g = 1:92g (1 mark) 
(b) Number of moles of oxygen atoms 
_ 192 
16 
= 012 dasa 
12-42 
Numbe: = 
(c) Number of moles of lead 207 
— 0-06 us 
(d) 0-06 mole of lead combines with 0-12 mole of oxygen 
atoms 
<. | mole of lead combines with = = 2 moles of 
oxygen atoms 0 s) 
(e) .. formula of oxide = PbO; Q » IO 
2. (a) Na} CO3- Qo» ) 
(b) Fe?*SO3- (195,29) 
(c) Zn?*(NO5), ad») 
(d) AP* (OH), a») 
(© Ag*Cl- ao») 
N) K1801- LU m )(6 
3. (a) sodium hydrogensulphate U») 
(b) iron(ur) nitrate U») 
(c) magnesium oxide UE 
(d) ammonium sulphide gw) 
(155 VO 


(e) mercury(tt) sulphate 
4. (a) The hydrocarbon contains (100—14-3)% by mass of 
carbon = 85:1% u 
(b) ~. 857g of carbon will combine with 14-3g of hydrogen 


*. number of moles of carbon atoms 
857 


ar 
—714 [t 
Number of moles of hydrogen pre 
1 " 


1 
= 143 ü. v) 


-. 7-14 moles of carbon atoms combine with 14-3 moles 
of hydrogen atoms x 3 
-. 1 mole of carbon atoms combines with 2 moles of 


hydrogen atoms an 
<. empirical formula = CH; 
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The sum of the relative atomic masses of this formula 
CH, is 14. But the relative atomic mass of the hydro- 
carbon is 28, ie. 2 times 14. Thus the molecular 
formula is 2 times CH,, which is C,H, 
5. (i) 6 
(ii) 2 
(iii) 2Ag*NO3,4)+K} CrO$,, > 
Ag? Cr04,)+2K *NO3q,) 
(iv) Because all the chromate(vi) ion is precipitated as 
silver chromate(v1) after the addition of 6 cm? of 
silver nitrate 
6. (a) iv (1 mark), (b) iii (1 mark) 
7. 1-27g (2 marks) 


Unit 4 

l. (c) 200 cm? 

2. (d) 28:3 cm? 

3. (a) 1 mole of Na*HCO; has a mass of 84g 


84 
-. 84g Na* HCO; is “gq moles — 0-1 mole 
(b) 1 mole of Na CO2- has a mass of 106g 
5:30 
~. 5:30g of Na? CO2- is 86 mole = 0-05 mole 


(c) 0-1 mole of Nat HCO} give 0-05 mole Naj COj- 
<. 2 moles of Na* HCO; give 1 mole Na}CO3- 
~. Answer = 2 moles 

(d) 2Na* HCO}, > Naf C035, + COng +H2O 

(e) 1 mole of CO, occupies 22 400 cm? at STP 


112 
^. 112 cm? of CO, at STP i = 0: 
"n is 2 mole — 0-005 mole 


(f) Yes, 1 mole of Na*HCO; gives 1 mole of CO; 
<. 0:005 mole Na*HCO; gives 0-005 mole CO, 
4. (a) 4480 cm? 


5. 1 mole of methane has a mass of 16g 
-. 32g is the mass of 2 moles of methane 
(a) 4 moles 
(b) 2 moles 
(c) 2x22400 — 44800 cm? 
(d) 4x22400 = 89 600 cm? 


6. (a) CoH 1g) + 64031) > 4CO 2/9) +5H,0,, 


(1 mark) (5) 


U s 
Œ a) 


(2 marks) 


(1 mark) (5) 
(2) 


(2) 
TOTAL: 30 
(1 mark) (1) 
ad 320) 
MQ a) 
u TN) 
@ gs.) 
maJ 
Gd a) 
a, O 
a ,, 20) 
(l 5 3 
G a) 
(D us» 
a « XA 
(Us) 
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(b) 1 volume of C4H;o requires 6} volumes O; 
+ 100cm? of C,H,o requires 64x 100cm? O; = 
650 cm? 
(c) | volume of C,H,o produces 4 volumes CO,+5 
volumes H,O 
= 100 cm? of C,H, produces 400 cm? CO? 4-500 cm? 
H,O 
7. (a) Mass of nitrogen = 84-920—84-640 = 0:280 g 
+, number of moles of nitrogen (N2) = = = 001 
mole 
(b) 0:01 mole of nitrogen occupies 240cm? at room 
temperature and pressure 
<. 1 mole of nitrogen occupies 24 000 cm? 
(c) Mass of hydrocarbon — 85-420 — 84-640 = 0:780 g 
240 cm? of hydrocarbon has a mass of 0-780 g 
. 24000 cm? of hydrocarbon has a mass of 
0:780 x 24 000 
240 


*. relative molecular mass of hydrocarbon = 78 


Unit 5 

- Solid lead(i bromide will not conduct an electric current. 
The ions are held in a rigid crystal lattice and are not free 
to move to the electrodes. When the solid is heated, it melts 
and allows the passage of an electric current. LAE 
liberated at the cathode and bromine at the anode. The 
decomposition of an electrolyte by an electrie cul 
called electrolysis. 
(Allow 1 mark for each word in italics) 


(a) false 
(b) false 
(c) false 
(d) true 


(e) true 


- (à) 1-6 amp x (10x 60 seconds) = 960 coulombs 


960 
b) N Nune 0:01 
(b) Number of faradays = 9¢ 990 


E 


w 


(c) The silver ion has a charge of +1 ole 
a liberate 1 ™ 
<. 1 faraday (1 mole of electrons) will liber? 


of silver 


(1 mark) 
Q » 0) 
Qi) 
(dd » ) 


Q marks) C) 


Ton: 2 
(8) 
(1 mark) 
(155503 
(üt 
eee ce) 
Geen ee? 
(fie eee 
(ane? 
qos? 
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0-01 faraday liberates 1-08¢ of silver 
1-08 " 
-. 1 faraday liberates ooi? of silver 


= 108g 
-. relative atomic mass of silver = 108 
0.09 0-01 
(d) Number of moles of X = ur - ER or 0-0033 


(e) T moles of X is liberated by 0-01 faraday 
0-01 
991? 
— 3 faradays 

3 faradays (3 moles of electrons) are required to liberate 

1 mole of X 

<. Charge on an ion of X = +3, i.e. the ion is X?* 
(f) Ag*+e > Ag 

X3++3e >X 

(g) The metal ion is reduced to the metal by electron gain 


4. (a) Metal A must be higher than B and D but lower than c 
Metal B must belower than C and D 
Metal C must be higher than A and B 
Metal D must be higher than B 
Therefore the most reactive metal is C; next is A, then 
D, and least reactive is B. 

(b) W — no reaction 

X — no reaction 
Y — no reaction 
Z — reaction 


5. (a) (iv) 
(b) (iii) +0-93 volts 


-. 1 mole of X is liberated by 


Unit 6 


1. (b) oxygen (c) carbon dioxide (d) nitrogen (e) argon 
(4 marks: deduct 1 mark for each incorrect answer) 


2. (a) oxygen and carbon dioxide 
(b) nitrogen 
(c) one of the noble-gas family, e.g. argon 
(d) 158 cm? (allow 160 cm?) 


oh (a) (i) 2H20 449) => 2H;08-O;( 
(ii) 2Pb;0,,,) > 6Pb? +O? tOo 
(iii) 2K*CIOs,, > 2K * Cl +3024) 


(iv) 2K* NOs,, > 2K* NOx, 1-04, 


(1 mark) 
Gu) 
ü 5.) 
~a? 
Q o.) 
@ x 19 
(2 marks) 
(1 mark) 
(Ls) 
(lj) 
a, JO 
( 5 ) 
ds, 00) 
(4) 
(2 marks) 
(1 mark) 
(1 ) 


ETC, 
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(b) manganese(1v) oxide (Mn**O?^) 
(c) reaction (i) 


= 


(a) sulphur gives sulphur dioxide; 
magnesium gives magnesium oxide 

(b) sulphur burns with a blue flame and gradually dis- 
appears; 
magnesium burns with a brilliant white light and a 
white solid remains 


. (a) any two of the following: (i) lightning, (ii) root nodules 
of certain plants, (iii) nitrogen-fixing bacteria 
(b) any two of the following: (i) ammonium sulphate, (ii) 
ammonium nitrate, (iii) ammonia, (iv) ammonium 
phosphate, (v) urea 
(c) ammonia 
(d) photosynthesis 


tA 


e 


. (a) true 
(b) true 
(c) false 
(d) true 


- (a) both 
(b) boiling removes temporary hardness; 
calcium hydrogencarbonate 
(accept magnesium hydrogencarbonate) 
(c) the water still contains permanent hardness which is 
not removed by boiling 
(d) Ca?* CO2  - H;04,4- CO2) > Ca?* (H CO3)2a9 
(e) an ion-exchange resin removes both temporary and 
permanent hardness 
(f) the ions causing hardness in water are Ca and/or 
Mats 
(g) Cad +2Na* Staa > Ca?* Stz,- 2Naia 
(or Mg25,-2Na* Staa > Mg“ Stt 2Najaqy) 


q) 


x 


Unit 7 

1. (c) endothermic 

2. A large quantity of heat is liberated during the hydration 
of the ions. This is much greater than the energy required to 
break down the crystal lattice. 

3. Any three of the following (1 mark each): (a) temperature, 
(b) concentration of reactants, (c) catalyst, (4) physical 
state of the reactants. 


(1 mark) 
(1. gv DAB) 
(V 5s) 
( us) 
(2 ou) 
(2 a (06) 
(2 marks) 
En) 
(1 mark) 
Aea: YO) 
ae 
(9 
(I uu) 
(Lara) (9) 
a.) 
Qs) 
(155 9) 
A 5) 
(ke x 2) 
(0 NN 
(2 marks) 
(1 mark) 
(9) 


Tora: 40 
a mark) (1) 
QD) 


(3) 
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4. (a) Zn +2H* Clon > Zn** Chu, + Ho 

(b) X 

(c) at Z reaction is complete 
0-13 

(d) TX m 0-002 mole 

(e) 2 moles of hydrochloric acid react with 1 mole zinc 
^. 2x0:002 moles of hydrochloric acid react with 
0-002 mole zinc 
0-004 mole of hydrochloric acid react with 0-002 mole 
zinc 
-. volume required = 4-0 cm? of IM hydrochloric 
acid 

(f) true 

(2) false 

(A) true 

(i) false 

(j) false 

(k) false 

(D) false 


5. (a) (iv) 2, 2, 1, 2, 1 
(b) The solution would go yellow (1 mark) due to the for- 
mation of chromate(vi) ion. The addition of sodium 
hydroxide effectively neutralizes the acid and the 
equilibrium is pushed to the left (1 mark). 


Unit 8 

1. (a) base 
(b) salt 
(c) acid 
(d) base 
(e) salt 


2. (d) less than 7 
3. (6) 7 
4. (a) false 

(b) true 

(c) false 


(d) false 
(e) false 


(1 mark) 
(l 42) 
33) 
0 a 
Q a3 
(I. Ad 
(Y ap 9 
(E ux ) 
(loss 9 
Ge as 2 
(l. us) 
(a s JUJ 
(d. 
(2 marks)(3) 
(1 mark) 
"d a) 
Gd 4) 
@ 4s) 
(U a I6) 
d 50) 
a a 30) 
@ ou 
(I us 
Md us) 
ad aJ 
d 4 25 
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5. (i) (b) efflorescence (1 mark) 
(ii) (e) deliquescence (1 mark) 


6. (a) 1 dm? (1000 cm?) ü k 
(b) Na* OH, ,--H* Clg, > Na* Cla t+ H20w 


Volume (H*CI-) x Molarity (H Glee T 
Volume (Na OH -) x Molarity (Na* OH ) 3 


Moles of H*CI* in equation 
Moles of Na*OH™ in equation 


25x005 1 


Vx010 1 


25 x 0-05 
V= ES 3 
010 12:5 cm 


(© 2Na* OH, + HiSO%jq — Nai S02, -2H;0 
By similar formula to that in answer (5): 
25x005 1 


Vx010 2 
_ 25x0-05 x 2 
0-10 

(d) 0-5 mole of hydrogen ions from an acid reacts exactly 
with 0-5 mole of sodium hydroxide solution. 
1000 cm? of 0-1M sodium hydroxide solution con- 
tains 0:1 mole sodium hydroxide 
“5000 cm? of 0-1M sodium hydroxide s 
tains 0-5 mole sodium hydroxide 
<. volume required = 5000 cm? a 


(2 marks) 


(1 mark) 


= = 250 cm? 


olution con- 


» )6 


= 


Approximately 50cm? of dilute 
acid (1 mark) is warmed with an excess (l 
oxide, When no more of the oxide reacts C h 
filtered (1 mark) into an evaporating as 
filtrate (or solution) (1 mark) evaporated to iecit 
point (1 mark). After cooling, the crystal gts 
washed with a little water (1 mark) and dried het @) 


papers (1 mark). 


ge 


(a) sodium chloride (ies 
(b) potassium nitrate (ers 
(c) 70°C (iios 
(d) sodium nitrate (2 marks) (6) 
(e) 150g — 80g = 70g 
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d prim Oxide 
Acidic | phosphorus(v) oxide 
Basic copper(II) oxide 
Neutral carbon monoxide 
: = 
Amphoteric aluminium oxide 
; ' 
naom | sodium peroxide 
Compound oxide| dilead(n) lead(1v) oxide 
Unit 9 
1. (a) copper 
(b) iron 
(c) sodium 


w 


~ 


(d) calcium 

(e) magnesium 
(f) aluminium 
(g) iron 

(h) sodium 

(i) copper 

Q) copper 


. A is potassium 


B is lead 
C is copper 
D is zinc 
E is lithium 


. (a) is X 


(b) is W and Z 
(c) is X 
(d) is W and Z 
(e) is Y 


(deduct one mark for each incorrect answer) 


A is Fe?*SO2-. 7H,0 


or hydrated iron(i) sulphate: 


B is Ba?* SO? - 
or barium sulphate 


(1 mark) 
aq.) 
A a) 
0 es 3) 
( as. DB 
ü 5 © 
Tomt: A 
(1 mark) 
(n 
(0 oa) 
(E. a) 
0 5.) 
ü s) 
QU us 
O as D 
Ch us 3 
(i a X00) 
E a 
( oa 
A n») 
ss.) 
Q0 a )@) 
(D uc 
Ca 
(l 4) 
KURAN. 
Q 420 
O 5) 
(I 3 
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Cand D are SO, and SO; (2 marks) 
or sulphur dioxide and sulphur trioxide 
Eis Fe3*O37~ (1 mark) 
or iron(iit) oxide 
F is Fe?*Cl; (gun 
or iron(1m) chloride solution 
G is sulphur (S) (Diut) 
H is Fe?* Cl; 
or iron(11) chloride solution (aie) 
(i) With aqueous ammonia A gives green ironu) 
hydroxide (2 marks) 
(ii) With nitric acid A is oxidized to an iron(im) salt and 
this with aqueous ammonia gives red-brown iron(I) 
hydroxide (Quo EA) 
5. (a) true (1 mark) 
(b) true (1:909) 
(c) false (LS) 
(d) false j (19513. 
(e) false MESELE) 
(f) false (sodium carbonate does not decompose on 
heating) (15999) 
(g) true See) 
(A) true a, )@) 
TOTAL: 40 
Unit 10 
1. (a) Sulphuric acid, ammonium chloride q ye 
H,S0,,-- NHz Cl; ^ NH2 HSO4, * HClo n 
(b) Manganese(tv) oxide, sulphuric acid, ammonium ; 
chloride wa 0 » 
Mnt +027, +3H,SO4q)+2NH4 Clo > 
Mn? * SOc, +2NH{HSO zat 2H200+ Clw i » ; 
(c) Ammonium chloride, sodium hydroxide TO a 1 ) 
NH? Clg - Na* OH, ^ Na*Qu,*NHae tis — 0 7) 
(d) Copper, sulphuric acid 8 
CoL 2H, SO, > Cu?  SOfza Sup + 2H;On s , ; ! 
2. (a) 2.8.18.7 CG. aD 
(b) fluorine (19e) 
(c) fluorine Won) 
(d) iron(m) chloride Gand 
(€) F-Fe ^ F7 E. KR) 
this is az reduction process (electron gam. (1241) 
(f) bromine a, )® 


(g) iodine 
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3. (a) as a dehydrating agent 
(b) as an oxidizing agent 
(c) as a dehydrating agent 
(d) as an acid 
(e) as an oxidizing agent 


4. (a) ammonia 
(b) sulphur trioxide 
(c) phosphorus(v) oxide (phosphorus pentoxide) 
(d) carbon monoxide 
5. A — sodium iodide 
B — sodium sulphite 
C = sodium sulphide 
D = silver iodide 
E — sulphur dioxide 
F = hydrogen sulphide 


6. (a) true 
(b) true 
(c) false 
(d) false 
(e) true 
(f) true 
(g) false 
(A) true 
() true 


Unit 11 
1. (a) pentane 

(b) propene (prop-l-ene) 

(c) 1,2-dibromopropane 

(d) 1,1-dichloropropane 

(e) ethylamine (1 -aminoethane) 
2. (d) C;H;, is an alkene 


H HHH 


3. (b) two: H—C—C—C—c-—H 
NS 
CH. H H 
and 
H HHH 
Lie be tie 


H—C—C—C—C. H 


| 
H Ci HER 


(l 


a 
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H H HH 
E 
4, butane H—C—C—C—C—H (2 marks) 
| [4 
H H H H 
and 2-methylpropane: 
H HH 
| | 
H—C—C—C—H G a 
| | 
H H 
H—C—H 
H 
5. Formula (i) represents compound C (1 mark) 
Formula (ii) represents compound B (Pour 
Formula (iii) represents compound D ü s) 
Formula (iv) represents compound A a» 00 
6. (a) (iii) cracking (1355) 
(b) (i)alkene Qu ts JJ 
(c) carbon dioxide, water vapour, carbon monoxide (any 2) 0 90 
H HH 
7 ES 1 ) 
E V —V— propan-1-ol GRE 
| | 
HH 
HA H 
Lit 
2 
dE are propan-2-ol a » )@) 
| | 
H OH H =m 
TOTAL: 20 
Uni 
nit 12 (1 mark) 
1. (a) starch ee) 
(b) poly(ethene) or nylon (imt om 
(c) starch or nylon ite) 
(d) poly(ethene) (imis ) 
(e) buta-1,3-diene (B um 
(f) glucose (fins) 
a» )@) 


(g) maltose m 
(h) alanine (2-aminopropanolc acid) 
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2. (a) addition 
(6) polytetrafluoroethene) 
(c) E 


piod j ~ Pd à N p i 
p M : * di i^ P d 
P ‘a AN 
F F F F "d F 
(d) poly(ethene), poly(chloroethene) or any addition 
polymer based on ethene 
(e) any one of the following: ‘non-stick’ cookware, low- 
friction bearings, insulation 
3. (a) Hydrolysis signifies a reaction between a substance 


and water. 
(b) Maltose 
(c) Accept either amylase or enzyme 
ie j 
4. (a) |Polymer Column A Column B 
me | 
Terylene polyester synthetic 
2 
H 
Cellulose, carbohydrate | natural 
Poly(phenylethene) hydrocarbon | synthetic | 
+ 4 
Insulin protein natural 


(b) Poly(phenylethene) is addition, the other three con- 
densation 

(c) Insulin 

(d) Insulin 


Unit 13 


1. (a) An alpha particle is a helium nucleus consisting of 2 
protons and 2 neutrons 
(b) A beta particle is an electron 
(c) A gamma ray is electromagnetic radiation 


2. (a) 228 is the Mass Number — sum of protons-.- neutrons 


88 is the Atomic Number — number of protons 
Number of neutrons — 228—88 — 140 

(6) ()p 
(ii) B 


(iii) a 


(1 mark) 
@ sx) 
@ a) 


Q a 0) 


(8 marks) 


(4 marks) 
(1 mark) 
a n 02 


TOTAL: 30 


(Imark ) 


T 
Q s 20 
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(c) They are isotopes (same atomic number) (1 mark) (6) 
3, X has atomic number 88 and mass number 228 (2 marks) 

Y has atomic number 89 and mass number 228 (0) 

Z has atomic number 90 and mass number 228 Q 5 06 
4. (a) false ($ remains after three half-lives, i.e. 30 minutes) (1 mark) 

(b) false (s) 

(c) true (uae 

(d) true AHA 

(e) false (1 2520) 

TOTAL: 20 

Unit 14 
l. (a) Direct current (1 mark) 

(b) To lower the melting point of the sodium() chloride (ie) 

(c) (i) sodium: Na* +e — Na (2 marks) 

(ii) chlorine: 2C17 —2e > Cl; Oae NO 

2. (a) A ‘heavy’ chemical is one produced in large quantities (1 mark) 

(b) The Haber process U») 
(c) Nitrogen from the air CER) 

Hydrogen from methane (or from water gas) (AEE 
(d) It increases the rate of the reaction ü s?) 
(e) A finely divided catalyst provides a large surface area : » : 
(f) Na --3Hag = 2NHsqg ; dem 
(g) It is either liquefied or dissolved in water 2 

3. (a) (iii) limestone, iron ore and coke Ü M : 
(b) (iv) molten calcium silicate fi ahs 
(c) (ii) carbon monoxide a ot 
(d) (ii) 4% carbon P 

à a» 00 
(e) (i) 0-1—2% carbon ) 

4. (a) Sulphur and air " f. ) 
(b) Sulphur dioxide (1:518 
(c) 2804-05 = 2803( Quin 
(d) Vanadium(v) oxide (vanadium pentoxide) ai s 
(e) By dissolving sulphur trioxide in concentrated sul oe 

phuric acid and diluting the product T Gd » (9 
(f) There are numerous uses, e.g manufacture of fertilizers 

5. (a) false (the by-product is calcium chloride) ü M) 
(b) true (il ee 
(c) true j (ine 
(d) false (the process is saponification) a _»)© 

TorAL: 30 


(e) true 
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Unit 15 


1. (a) false 
(b) true 
(c) false 
(d) true 
(e) true 


2. (a) CeHis + 1210; > 8 CO; + 9H;O 

or 
2CsHig + 250, 3 16CO, + 18H,O 

(b) Carbon monoxide (CO) 

(c) Black solid is carbon 
Formed by incomplete combustion of petrol 

(d) Either tetraethyl-lead or tetramethyl-lead 

(c) Because volatile lead compounds are released 
into the atmosphere with the exhaust gases 
These lead compounds are poisonous 


3. (a) Fertilizers (or sewage) 
(b) Plant growth is Speeded up 
(c) The fish eventually die due to oxygen depletion 


4. (a) Carbon dioxide 
6) Ammonia 
(c) Sulphur dioxide 
(d) Carbon monoxide 
(e) Methane 
(/) Nitrogen dioxide 
(g) Sulphur dioxide 
(h) Oxygen 


(1 mark) 
(I 4 ) 


(1 mark) 


Index 


Absolute zero, 75 

Acetic acid, 161, 169-71 

Acetone, 262 

Acetylene, 262 

Acid anhydrides, 236, 238 

Acid salts, 170 

e oxides, 161 
cidity and alkalinit: 

Acids" Em 
Basicity of, 170 
Definition, 158, 163 
Hydrochloric, 225-6 
Hydrogen ions in, 163 
Neutralization, 164-9 
Nitric, 171, 243-5, 319-20 
Organic, 169, 276 
pH scale, 159 
Properties, 161 
Sulphuric, 160, 171, 238-40, 317-19 
Weak and strong, 169—70 

Activation energy, 151-3 

Addition polymers, 280-2 

Addition reactions, 272-3 

vancei : 

A ne pe cooled reactor (AGR), 333 
Composition, 113 
Fractional distillation, 117 
Pollution of, 337 i 

Alcohols, 274-6 
Isomerism, 274 
Nomenclature, 274 

Alkali metals, 33, 185-91 
Compounds, 189-91 
Detection, 188-9 

eactions with ai 
De i with air and water, 186-7 

Alkaline-earth metals, 191-5 

Rompounds, 194-5 
actions with aci a 
Uses 195 acids and water, 192-3 

Alkaline pyrogallol, 115 

Alkalis, 158-70 

Alkanes, 263-8 
General formula, 263 
Homologous series, 266 
Isomerism, 264 
Nomenclature, 264-6 
Properties, 267 
Structure. 263 

Alkenes, 271-4 
Nomenclature, 271-2 
Properties, 272-4 

Alkyl groups, 266-7 


Allotropy, 233-4, 247, 249 
Alpha radiation, 298, 301 
Alternative energy sources, 331-5 
Aluminium, 195-9 
Manufacture, 322-3 
Reaction with air, 195 
Reactions with acids and alkalis, 196 
Uses, 197 
Aluminium compounds 
ammonium sulphate-12-water, 198 
chloride, 196, 198 
hydroxide, 197 
oxide, 161, 197 
potassium sulphate-12-water, 198 
sulphate-18-water, 198 
Alums, 198 
Amino-acids, 292-3 
Ammines, 243 
Ammonia, 40, 124, 139-40, 241 
Manufacture, 319 
Preparation, 241 
Properties, 241-3 
Tests for, 243 
Uses, 243 
Ammonia-soda process, 313-15 
Ammonium compounds 
alum, 198 
hydroxide, 242-3 
nitrate, 123, 246, 320-1 
nitrite, 124 
phosphate, 123, 320-1 
sulphate, 123, 320-1 
Ammonium ion, structure. 42 
Amphoteric oxides, 161 
Amylase, 291 
Anhydrite, 195 
Anhydrous salts, 173 
Anions, 34, 91-7 
Anode, 91 
Aqueous ammonia, 162, 242-3 
Argon, 113, 117-18 
Arrhenius, S., 163 
Ascorbic acid, 161 
Atom 
Charge-cloud picture, 29, 39 
Constituent of matter, 15 
Mass of, ag 
Radioactive, 301-. 
Structure of, 20-2, 27-8 
Atomic bomb, 305 
Atomic number, 22, 32 : 
Atomic weight (relative atomic mass), 23, 


51 
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Avogadro, A., 53 
Avogadro constant (Avogadro’s number), 
53 


Avogadro’s law, 79-81 


Baking powder, 130 
Baking soda, 130 
Barium compounds 
peroxide, 161 
sulphate, 178, 238 
Bases, 159, 161-4 
Basic oxides, 161 
Basicity, 170 
Bauxite, 323 
Becquerel, H., 297 
Beryllium, 192-3 
Beta radiation, 298, 301 
Binding energy, 304-5 
Birkeland and Eyde process, 124 
Blast furnace, 321-2 
Bleaching powder, 223 
Boiling point, 6 
Bonds, 33-9 
Co-ordinate (dative covalent), 42 
Covalent, 38-9 
Double, 39, 261-2, 271-3 
Hydrogen, 45 
Ionic, 34-6 
Metallic, 184 
Triple, 262, 273 
Borax, 254 
Bordeaux mixture, 207 
Boyle's law, 73-4 
Brass, 205, 208 
Broglie, L. de, 21 
Bromide ion, test for, 227 
Bromine, 
Oxidizing properties, 223-4 
Preparation, 220-1 
Reactions, 222 
Uses, 225 
Bromothymol blue, 164 
Brónsted, J.N., 163 
Bronze, 205-6 
Brownian motion, 18 
Butane, 264-5 
Butanoic acid, 170 
Butyl rubber, 288 
Butyric acid, 170 


Caesium, 186-8 

Caesium chloride, Structure, 36 

Calamine, 208 

Calcite, 194 

Calcium, 191-3 

Calcium compounds 
carbonate, 126-8, 132, 134, 194, 

315-16, 318 

hydrogencarbonate, 128, 132, 134 
hydroxide, 128, 194, 241, 316 
oxide, 127, 194, 241, 315-16 
Stearate (octadecanoate), 134 


sulphate, 194-5 
Carbohydrates, 125, 239, 289-9] 
Carbon, 248-9 

Allotropes, 44-5, 249 

Combustion, 121 

Organic compounds, 258-76 
Carbon cycle, 125-6 
Carbon dioxide, 115, 125 

Preparation, 126 

Properties, 127-9 

Uses, 129-30 
Carbon monoxide, 249-50, 337, 338 

Fuel gases, 250-1 

Preparation, 245-50 

Properties, 250 
Carbonic acid, 128, 132, 171 
Catalysis, 118, 127, 151-3 
Catalysts 

Biological (enzymes), 127 

Industrial uses, 318-20 

Poisoning of, 318 
Cathode, 91 
Cations, 34, 91-7 
Caustic soda, 189-90, 312-13 
Cell, electrochemical, 98-110 

Daniell, 98-9 

Diagram, 100 

Dry, 107-8 

Lead storage, 108-9 

Primary, 98 

Voltage, predicting, 103-5 
Cellulose, 291 
Celsius temperature scale, 75 
Cement, 316, 318 
Centigrade (Celsius) temperature scale, 

75 


Chadwick, J., 21 
Chain reaction, 304 
Chalcopyrite, 204 
Charles’ law, 74-6 
Chemical kinetics, 146 
Chemical reactions, predicting, 105 
Chernobyl reactor, 335 
Chloric(1) acid, 222 
Chloride ion, test for, 227 
Chlorine 
Manufacture, 311-13 
Oxidizing properties, 223-4 
Preparation, 220-1 
Reactions, 222-3 
Uses, 224-5 
Chlorine water, 222 
2-Chlorobuta-1 ,3-diene (chloroprene), 


Chloroform, 263 
hloroprene, 287 

Chile saltpetre, 191 

Chromatography, 13, 290-1, 293 
hrome alum, 198 

Chromium(in) Potassium sulphate-12- 
. Water, 198 

Cinnabar, 212 

Citric acid, 161 


Coal, distillation of, 251-2 
Coal gas, 251 
Coke, 251, 323 
Collision theory, 147, 150 
Combined gas law, 77 
Combustion, 120 
Heat of, 140-3 
Compounds, 8 
Compound fertilizers, 320 
Compound oxides, 161 
Concrete, 318 
Condensation polymers, 282-5 
Condensation reactions, 282-4 
Conductivity, 87-91 
Conductors, 89 
Conservation of matter, law of, 63 
Constant composition, law of, 56 
Contact process, 317-18 
Co-ordinate bond, 42 
Copper, 193, 199, 204-7 
Properties, 205 
Purification, 107, 204-5 
Reaction with acids, 205 
Uses, 205-6 
Copper(1) oxide, 206 
Copper(i) compounds 
carbonate, 177, 207 
chromate(v1), 93-4 
hydroxide, 206-7 
nitrate-3-water, 207 
oxide, 161, 176, 206 


sulphate-5-water, 174, 176, 207, 239 


tetra-ammine, 207, 243 

Coulomb, the, 95 

Covalent bond, 38-9, 259-63 
Carbon-carbon single, 259-61 
Carbon-carbon double, 261—2 
Carbon-carbon triple, 262 
Carbon-hydrogen, 259 
Carbon-oxygen, 262 

Covalent compounds, 42-5 

Cracking 
Catalytic, 270 
Thermal, 270 

Critical mass, 305 

Crude oil, 268 

Cryolite, 322-3 

Crystal lattice, 36 

Crystals, 15 

Curie, M. and P., 298 

Cyclohexane, 261 


Dalton, J., 20 
Daniell cell, 98-9 
DDT, 343 
Decay 
Animal and plant, 125-6 
Radioactive, 302-3 
Definite proportions, law of, 56 
eliquescence, 114, 175 
Density, relative, 81 
Depolymerization, 281-2 
Detergents, 323-6 
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Diamond, 44, 218-19 

Dibromoethane, 265-6 

Diffusion, 18 

Digestion, 289 

Dilead(1) lead(1v) oxide, 119, 161, 210-11 

Dinitrogen oxide, 246 

Dinitrogen tetroxide, 246-7 

Dipeptide, 292 

Distillation, 10-12 
Fractional, 11 

Double decomposition, 178 

Double salts, 198 

Downs cell, 311-12 

Drugs, 345 

Dry cell, 107-8 

Dry ice, 127, 129 

Ductility, 183-4 


Efflorescence, 176 
Einstein, A., 305 
Electric-arc process, 124 
Electrochemical cells, 98-109 
Electrochemical series, 102-7 
Electrolysis, 91-107 

Industrial applications, 204-5, 213, 

311-13, 322-3 

Electrolytes, 90, 93 

Aqueous, 

Molten, 91 

Strong, 90 


Weak, 
Electron shells, 27 
Electrons 
Beta particles, 298 
Competition for, 1 
Delocalized, 47 
Energy levels, 28 
Metals, in, 47 
Mobile, 47 , 
Noble-gas configuration, 33 
Octets of, 39 
Orbital clouds, 3940 
Planetary, 27 
Sharing of, 38-9 
Shells of, 27 
Transfer of, 3 
Elements 
Definition, 8, 22 
Electronic structure, 29 
Groups (families) of, 33 
List of, dena 
asses Of, 
Medic table of, 30-1 
Symbols, 23 
irical formula, 56, 61 
Endothermic reactions, 139-40 
ergy, 13 
Ere E ation, 150-3 
Kinetic, 19 
Potential, 


Energy levels, 28 
Energy resources, 330-5 
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Energy resources (cont'd) 
Fossil fuels, 330 
Geothermal, 332 
Hydrothermal, 332 
Nuclear, 333 
Solar, 332 
Tidal, 332 

Enzymes, 127, 274-5 

Equation, chemical, 63-9 

Equilibrium, chemical, 153-5 

Esterification, 276 

Esters, 276, 324-5 

Ethane, 259-60 

Ethanedioic acid, 170, 239, 250 

Ethanoic acid, 161, 16971 

Ethanol. 127. 274 6 
Manufacture, 274-5 
Properties, 275-6 

Ethene, 261-2 

Ethyne, 262 

Eutrophication, 341 

Evaporation, 7, 130 

Exothermic reactions, 139-40 

Extraction of metals, 212-13 


Fahrenheit temperature scale, 75 
Families of elements. 33 
Faraday, the, 95-8 
Faraday's laws of electrolysis, 95, 98 
Fast reactor, 334 
Fermentation, 127, 274-5 
Fermi, E., 305 
Fertilizers, 123, 320-1 
Filtration, 8-10 
Finite energy Sources, 331 
Fire extinguishers, 129-30 
Fission, nuclear, 303-4 
Fixed points, 131 
Fluorine, 219-22 
Food, 342-4 
Formic acid. 169, 239, 250 
Formula, 53-63 
Determination by experiment, 54-5 
Empirical, 56 
Molecular, 61 , 264-5 
Fossil fuels, 330 
Fountain experiment, 241-2 
Fractional distillation, 11, 117, 268-70 
Frasch process, 232 
Freezing point, 6 
Fructose, 275 
Fuel gases, 250-2 
Functional groups, 266 
Fusion, nuclear, 306 


Galena, 209 

Galvanizing, 201 
amma radiation, 298, 301 
as 
Calculations, 82-4 
Compressibility, 73 
Definition, 6 


Density, 78-9 

Molecules in, 20 

Relative density, 81 

Volume of, 73-80 
Gas law, combined or general, 77 
Gasoline, 269 
Gay-Lussac's law of combining volumes, 
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Geiger-Müller counter, 154, 300 
General gas law, 77 
Geothermal energy, 332 

Giant molecules, 44-7 

Glass, 254 

Glauber's salt, 191 

Glucose, 275 

Glycerol, 324-5 

Glycogen, 288-9 

Gold-leaf electroscope, 299-300 
Gram-atom, 51-3 
Gram-molecular volume, 79 
Graphite, 44, 218-19 

Groups of elements, 33 
Gypsum, 194 


Haber process, 319 

Haemoglobin, 249 

Half-cell, 102 

Half-life, 302-3 

Half-reaction, 98 

Halide ion, tests for, 227 

Hall cell, 322-3 

Halogens, 33, 219-27 
Chemical properties, 221-4 
Electronic configuration, 219 
Oxidizing ability, 223-4 
Physical properties, 219 
Preparation, 220-1 
Uses, 224-5 

Hardness of water, 132-4 
Permanent, 134 
Temporary, 134 

Heat capacity, 141 

Heat of reaction, 139-46 
Combustion, 140-3 
Hydration, 143 
Neutralization, 143-5 
Precipitation, 145-6 
Solution, 143 

Heavy chemicals, 158, 310-26 

Hexane, 267 

Hofmann voltameter, 106 

Homologous series, 266 

Hydrated ions, 92 

Hydrated salts, 173-5 

Hydration, heat of, 143 

Hydroiodic acid, 171 

Hydrobromic acid, 171 

Hydrocarbons, 257-74, 339 
Branched, 261 
Ring, 261 
Straight-chain, 260-1 

Hydrochloric acid, 162-5, 171, 225 
Manufacture, 313 


Preparation, 225 
Properties, 225 
Hydrogen, 120, 124, 227 
Preparation, 227-8 
Reactions, 228-9 
Reducing properties, 229 
Uses, 229 
Hydrogen bond, 45, 131 
Hydrogen chloride, 225 
Preparation, 225-6 
Properties, 225-6 
Hydrogen peroxide, 118, 152, 235 
Hydrogensulphates, 238 
Hydrogen sulphide 
Preparation, 234 
Properties, 234-5 
Hydrolysis, 289-91 
Hygroscopic substances, 114 
Hydrothermal energy, 332 
Hypochlorous acid, 222 


Ice, 45 

Iceland spar. 194 

Indicators, 159, 164 

Insulators, 89 

lodide ion, test for, 227 

ine, 

Oxidizing properties, 223-4 
Preparation, 220-1 
Radioactive, 153-4, 306 
Reactions, 222-3 
Uses, 225 

lon-exchange resins, 134 

lonic bond, 34-6 

lonic compounds 
Characteristics, 42 
Nomenclature, 57 

Ionic crystals, 36 

lons, 34, 58, 91-7 
Conductors, in, 43 
Crystals, in, 36 
Dipositive, 35 
Electrolytes, in, 91-3 
Formation of, 34 
Hydrated, 92 
Metals, in, 46, 183 
Movement of, 93-5 
Quantity of charge on. 97 

: Selective discharge of, 105-7 

ron, 121, 199-204 
Compounds, 201-4 
Manufacture, 320-2 
Oxidation, 203 
Properties, 200 
Reaction with acids and steam, 201 
Reduction, 204 
Rusting, 200-1 
Tests for, 204 

Iron(u) compounds 
chloride, 203 
di-iron(1) oxide, 161, 202 
hydroxide, 202 
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oxide, 202 
sulphate, 177, 203 
Iron(m) compounds 
chloride, 203, 222 
hydroxide, 202 
nitrate, 155 
oxide, 202 
sulphate, 203 
Isomerism, 264, 274 
Isomorphism, 198 
Isoprene, 286-8 
Isotopes, 22 
Radioactive, 306-8 


Jeweller’s rouge, 202 


Kerosine, 269 
Kinetic energy, 19, 150-1 
Kinetic theory of matter, 17-20 


Latex, 287 

Lattice 
Body-centred cubic, 36-7 
Breaking of. 4? 

Crystal, 36, 42 
Face-centred cubic, 36-7 
Ionic, 36-7 
Metallic, 46-7, 183 

Lattice energy, 143 

Lavoisier, A. L., 120 

Law of conservation o 

Law of constant compos 

proportions), 

Lead, 209-12 
Compounds, 210-12 
Extraction, 20. s 
Properties, 

Reaction with acids, 210 


Uses, 210 


f matter, 63 


hydroxide, 211 
iodide, 65, 212 


sulphate, 212 
Lead(1v) compounds 
oxide, 210-11 
tetraethyl, 210, 340 
tetramethyl, 340 
Lead storage ed 108-9 
ime kiln, 
rent 127, 132, 194, 315-16 
Lime-water, 28, 


ition (definite 


389 


390 Success in Chemistry 


Magnesium compounds (cont'd) 
Stearate, 134 
sulphate-7-water 175, 177 

Malachite, 207 

Malleability, 183-4 

Manganese(1v) oxide, 118, 152 

Marble, 146, 194 

Margarine, 229 

Mass, 5, 22 

Mass-energy relationship, 304-5 

Mass number, 22 

Matter, 5 
States of, 6 

Medicines, 345 

Melting point, 6, 43 

Mendeleev, D. I., 32 

Mercury cell, 312-13 

Mercury Poisoning, 342 

Metallic bond, 184 

Metals, 183-213 
Conductivity, 88-90, 184 
Extraction, 212-13 
Physical Properties, 184 
Position in periodic table, 184-5 
Structure, 46-7, 183-4 

Methane, 39, 127, 139-40, 25 1-2, 259 

Methanoic acid, 169, 239, 250 

Methanol, 141-3, 262 

Methyl orange, 164, 166 

Methylamine, 262-3 

Methylbenzene, 11-12, 163 

Methylbuta-1,3-diene, 286-8 

2-Methylpropane, 261, 265 

Milk of lime, 68, 194 

Millikan, R., 21 

Mineral resources, 335 

Mixtures, 8 

Mobile electrons, 47, 184 

Molar solution, 65, 164 

Molarity, 164, 167 
ole, 53 

Molecular formula, 61, 264-5 

Molecular structures 
Ammonia, 40 
Diamond, 44 
Graphite, 44 
Methane, 41 
Water, 41 
olecular weight (relative molecular 

mass), 61 

Molecules 
Constituents of matter, 15 
Giant, 44-6 
Motion of, 18-20 
Polymeric, 45, 279-91 
Shapes of, 39-42 
Size of, 16-17 
onoclinic sulphur, 233 
onomers, 279-80 

Mortar, 316 
ovement of ions, 93-5 


Naphtha, 269 


Natural gas, 38, 127, 138, 251-2 
Neoprene, 287 
Neutral oxides, 161 
Neutralization, 159, 162-3 
Heat of, 143-5 
Neutron, 21 
Neutron moderator, 305 
Nitrates, action of heat on, 245-6 
Nitric acid, 171, 243-5 
Manufacture, 319-20 
Preparation, 243-4 
Properties, 244-5 
Uses, 245 
Nitric oxide, 247 
Nitrogen, 117, 122 
Fixation, 123 
Oxides, 338 
Preparation, 124 
Properties, 124, 240 
Uses, 118 
Nitrogen cycle, 122-3 
Nitrogen dioxide, 246-7 
Nitrogen oxide, 247, 320 
Nitrogenous fertilizers, 320 
Nitroglycerine, 245 
Nitrous oxide, 246 
Noble gases, 33, 113, 117 ow, 
Nomenclature based on oxidation 
numbers, 57 
Nonane, 260 
Non-electrolytes, 90 
Non-metals, 217-54 
Chemicat properties, 219 
Position in periodic table, 218 
Normal salts, 170 
Nuclear energy, 333-5 
Nuclear reactions 
Fission, 303-6 
Fusion, 306 
Nuclear reactor, 305-6, 333-5 
Nucleus, atomic, 21-2, 297 
Nylon, 283-5 


Oil film, thickness of, 16 

Oleum, 318 

Orbitals, 29 

Organic chemistry, definition, 258 
Ostwald process, 320 

Oxalic acid, 170, 239, 250 
Oxidation, 98, 120, 202, 223-4, 230-.1 
Oxidation number, 57, 231 

Oxides, 120, 159-61 


Acidic, 160 
Amphoteric, 161 
Basic, 161 
Compound, 161 


Neutral, 161 
Oxides of nitrogen, 246-7 
Oxonium ion, 163 
Oxygen, 115-17, 124 
Preparation, 118-19 
Properties, 120-2, 229 
Uses, 118 


Particulates, 340 
Passivity, 245 
Peptide linkage, 292-3 
Period, 32 
Periodic table, 30-3 
Permutit, 134 
Peroxides, 161 
Perspex, 281-2, 286 
Pesticides, 343 
Petrochemicals, 271 
Petroleum, 268 
Refinining, 268-70 
pH scale, 159 
Phosphate fertilizers, 248 
Phosphatizing, 201 
Phosphor bronze, 206 
Phosphoric acid, 160, 171 
Phosphorus, 121, 247-8 
Allotropy, 247-8 
Fertilizers, 320 
Uses, 248 
Phosphorus compounds 
pentachloride, 248, 275 
pentoxide, 121, 248 
trichloride, 248 
Phosphorus(v) oxide, 121, 160, 248 
Photoelectric cell, 188, 301 
Photosynthesis, 125, 289 
Pig iron, 322 
Pitchblende, 297-8 
Plaster of Paris, 195 
Plastics, 279-88 
Plastic sulphur, 234 
Plating, 201 
Polar molecules, 42 
Pollution 
Air, 337 
Land, 340 
Water, 340 
Polonium, 298, 302 
Poly(chloroethene), 280-6 
Poly(ethene), 279-80, 285 
Polymerization, 253 
Polymers, 45, 279-94 
Thermoplastic, 285 
Thermosetting, 285-6 
Polyinethyt 2-methylpropenoate), 281-2, 


Polymorphism, 249 
Polypeptide, 293 
Polyphenylethene, 281-2, 286 
Polypropene, 281 
Polypropylene, 281 
Polystyrene, 281-2, 286 
Poly(tetraflouroethene), 281, 286 
Polythene, 279-80, 285 
Polyvinyl chloride, 280-6 
Population explosion, 330 
Potash alum, 198 
Potassium, 187, 212 
Fertilizers, 320 
Potassium compounds 
chlorate(v), 119, 172 
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chloride, 172 
chromate(vi), 154 
dichromate(V1), 
hexacyanoferrate(|t), 204 
nitrate, 119, 191 
sulphate, 172 
thiocyanate, 155, 204 
Potential energy, 19 
Precipitation, 65, | 
Heat of, 145-6 
Pressure (of gas), 20, 73-8 
Pressurized water reactor (P 
Primary cell, 98 
Producer gas, 251 
Propane, 260-1 
Propanone, 262 
Propene. 271-2 
Proteins, 122, 293-4 
Proton, 21-2, 164 
PTFE, 281, 286 
PVC, 280-6 
Pyrex glass. 254 
Pyrethrins, 343 
Pyrites 
‘Copper, 204 
Iron, 318 


WR), 334 


Quartz, 252 


Quicklime, 127, 194, 31 5-16 


Discovery of, 

Nature of, 298 
Radium, 298-9 5 
Rate cuve bd 

te of rea 5 
coe heat of, 39-40 
Reactions 


Reversible reactions, 152-5 c 172 
Rhombic sulphur, 233 Solute, 8 
Rabb Solution, 8 
Natural, 286-7 Heat of, 143 
Pg 287.8 ç terate, 171 
200-1 vay (ammonia-soda) process, 345 
LL LR n 1 A 
7 " S ites, 132 
Saliva, hydrolysis of starch by, 289-91 iti 
‘Salt’ (common salt), chemicdl from, ame oe “au " 
Sapa Starch, 289-9] 
Salts, ip State symbols, 66 
Acid, 170 States of matter, 6 
» 198 Strong acids. 169-70 
Hydrated, 173-5 S 1 i 90 
Preparati dM Sublimation, 8, 12 
of, 176-8 Substance, 5 ° 
MN of. 173 Substitution reactions, 267 
222, Sucrase, 275 
Sepotification, 325 Sulphates, 171, 238 
hydrocarbons, 267 Test for, 238 
Saturated solution, m I Sulphides 235 
y A NÉ Mm 256 
SI 23 molecules, 39-42 tropy, 233-4 
32 raction, 
Silicon, 248-9, 252 Oxides, 339 
Silicon(rv) oxide, 252 Réactions, 234 
i Sul compounds 
ey COT ET 
orum 241, 316 Sulphur(vi) oxide, 160, 237-8 
Soap, 1 Sn uz ion, 237 
Sodium, 120, 186 Properties, 237-8 ie 
Manufacture, 311-12 Sulphurous acid, 160, 236 
Properties, Sulphuric acid, 160, 171, 238-40 
Uses, 188 —— Acid properties, 238 
Sodium Compounds Deh tin, ies, 239 
carbonate, 134, 165, 176, 199 | 313-15 Manufacture 317-19 
[- E E 
chloride, 3, 172, 189 Sulphurous acid, 160, 236 
ethoxide, 275 hate, 320 
hydropencarbonate, 126-7, 130, 199.1 Surface tension, 324 
313-15 . Sylvinite, 320 E 
hydrogensulphate, 177. 191 Symbols, chemical, 23 
h 1 T 284 
a ma pomem MN 
nitrate, 191, 244 Thermoplastic polymers, 285 
nitrite, 124 Tucrmosetting polymers, 285-6 
Oxide, 161 Thomson, J. J., 21 
ide, 120 Three Mile Island, 335 
Stearate (octadecanoate), 133-4, 324.5 Tidal energy, 332 
sulphate, 172, 177, 191 Titration, 165-7 
sulphite, 236 TNT, 245 
thiosulphate, 149 Toluene, 1 e 163 
-3 Transition metals, 199-207 
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sa IND EDITION 


This book is designed as an introduction to chemistry for anyone who 
wants to acquire a sound basic knowledge of the subject — whether 
tackling it for the first time or for revision purposes; with or without 
teacher support; for a GCSE examination, BTEC First award in science, 
or any other introductory course. 


@ The basic principles are presented in such a way as to make 
the reader think and then learn with understanding. 

@ Many experiments are suggested which can safely be carried out 
at home. More complex important experiments are described in full 
and illustrated so that all processes can be followed in detail. 

€ Each unit of the book ends with a summary and a section of self-test 
questions. Worked examples are included where appropriate, and 
a selection of examination questions is provided at the end of the 
book. 


For the second edition, the nomenclature has been up-dated and a unit 
on ‘Matter, Society and the Environment’ has been added. 


"The presentation of the text is excellent . . . the diagrams are lucid and 
precise ... The clarity of style and layout should mean that the self- 
learner, or his adviser, is taken through the wood without the trees getting 
in the way: 

The Times Educational Supplement (on the first edition) 
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